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The behavior patterns for surface ozone (O3) and carbon monoxide (CO) were investigated with the hourly
mixing ratios registered for nine years (2010 to 2018) at the GAW-WMO (Global Atmospheric Watch — World
Meteorological Organization) station of Ushuaia (Argentina). Two behavior patterns were identified for these
species after applying a criterion. Specific periods were analyzed in detail, in which nitrogen dioxide (NO2) was

MAXDOAS

ERAS also studied. The weather conditions were explored using the ERA5 meteorological fields from the ECMWF
Copernicus (European Centre for Medium-Range Weather Forecasts). Outputs of the chemical transport model from the
Ushuaia Copernicus Atmosphere Monitoring Service (CAMS) were used to investigate the spatial distribution of O3, CO

and NO,. The more frequent scenario is characterized by the unaltered mixing ratios of O3 and CO for days, with
values of 10-15 ppb and 60-70 ppb, respectively, and below 200 ppt for NO». This pattern occurred with intense
westerly airflows associated with the low-pressure system located in the south of the Pacific Ocean. A second
pattern was observed in 45.8 + 3.4% of the days, which was characterized by low O3 mixing ratios (~12 ppb),
high NO, concentrations (above ~3000 ppt) and CO peaks exceeding 400 ppb. This scenario was defined by a
high-pressure system blocking the westerly winds, which results in atmospheric stagnation and in the accu-
mulation of trace gases in the lower layers. Finally, the annual trend was explored; no O3 trend was obtained,
although an unexpected upward CO trend was identified, with an increase of 1.75 + 0.49 ppb year . To
investigate its causes, the annual evolution of the temperature at 850 hPa level (T850) and geopotential height at
500 hPa level (Z500) anomalies along with the CO emissions were analyzed. While no trends were found in
weather conditions, the CO emissions showed an increasing trend of 4.4% year™'; therefore, the CO increase
could be attributed to the emission changes. In the future, warm climate with more frequent anticyclonic situ-
ations, together with a growing trend in emissions, could lead to a drastic change in the current levels of these
trace gases, in remote regions such as Ushuaia.

1. Introduction

Surface and tropospheric ozone (O3) is a major air pollutant harmful
to human health and to terrestrial vegetation. Ozone pollution is a
serious concern in many places around the world (Li et al., 2019),
affecting rural and remote areas (Pires et al., 2012). Os is a secondary
species formed in the atmosphere from precursors such as nitrogen
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oxides (NOx = NO3 + NO), volatile organic compounds (VOCs), carbon
monoxide (CO), and methane (CHy) in the presence of sunlight. In recent
decades, a clear upward trend has been observed in many regions of the
planet (Cooper et al., 2014, 2020), and it is a reactive and greenhouse
gas considered as a climate forcer (Monks et al., 2015).

Carbon monoxide (CO) is also a reactive gas, emitted to the atmo-
sphere by both natural and anthropogenic sources, such as biomass
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burning and fossil fuel burning. Transportation and biomass burning are
the largest contributors to anthropogenic emissions of CO. This gas has
adverse human health effects, being lethal in high concentrations
(>1000 ppm), although it also causes health problems in lower con-
centrations. CO contributes to positive radiative forcing (warming)
through its role in ozone production, as well as through an increase in
methane lifetime (von Schneidemesser et al., 2015).

Nitrogen dioxide (NOy) is one of the so-called nitrogen oxides (NOx
sum of NO plus NOy), which are primarily emitted to the atmosphere
during fossil fuel combustion, and is a key species in the formation of
surface Os. In addition, NOy is considered to be an important air
pollutant in industrial and metropolitan areas (Kang et al., 2019).

Previous works on O3 and CO in the southern region of South
America are relatively scarce, although in recent years some studies
have been carried out, mainly focused on the analysis of O3 exceedances
in Santiago de Chile (Seguel et al., 2020), air pollution in the central
zone of Chile (Toro et al., 2015) and Og trends in El Tololo observatory
(Anet et al., 2017).

In a changing global atmosphere, changes in the weather patterns
and in the chemical composition are strongly linked. Although these
changes are taking place on a global scale, there are specific places
which could be defined as hot-spots, such as deserts (Magee, 2016),
large forest areas like the Amazon, Alaska (Flannigan et al., 2009) and
the Polar Regions, both the Arctic, where the phenomenon defined as
Arctic Amplification is well known (Coumou et al., 2018), and the
Antarctic and its adjacent regions, which are more sensitive to these
changes.

Ushuaia, although it is located in the continent of America, is located
in a Subantarctic region, which makes it a suitable place to observe and
detect changes in weather patterns, concentration levels and behavior of
trace gases. In fact, the Ushuaia atmospheric observatory belongs to the
GAW program of the WMO. Therefore, the Ushuaia measurements
(mainly O3) were used in general studies (Cooper et al., 2014, 2020;
Parrish et al., 2016). However, specific studies are necessary to identify
not only the trends but also their origin and to investigate the link be-
tween changing weather conditions and dynamic and chemical pro-
cesses of the trace gases. With this goal, in a previous work (Adame
et al., 2019) was carried out a detailed studied to know the weather
conditions in this region, the atmospheric transport processes and the
daily and monthly evolutions of the O3 and CO. The horizontal distri-
bution for O3 and CO was also investigated with satellite observations.

This work aims to identify and analyze the behavior patterns shown
by two trace gases, O3 and CO, in this remote environment by using
measurements collected for a period of nine years at the GAW Ushuaia
station. Moreover, and despite the fact that it is a short period, the trends
depicted by these gases were also explored.

2. Experimental conditions and methods
2.1. Measurement site

The Ushuaia region is located at the south of Argentina, in the
province of Tierra del Fuego, surrounded by the Martial mountain range
(to the north, east and west), which is one of the last sections of the
Andes mountains. The city is situated in the coast of the Isla Grande de
Tierra del Fuego, with the bay and the Beagle channel in the south. In
this zone, and approximately 5 km away from the city, the GAW Ushuaia
observatory (54° 50’ S - 68° 18 W) is located, a few metres from a
coastal cliff and 17 m above sea level (a.s.l.) (Fig. 1a).

2.2. Instrumentation to measure trace gases (O3, CO and NO2) and local
meteorology

In this work, O3, CO and NO; experimental data were used. For O3
and CO, the data had a temporal resolution of one minute. The air inlet
system has an air intake 7 m above ground level (a.g.l.) over the
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Fig. 1. Spatial distribution of the emission sources for CO (in Tn km2h YHin
2018 obtained from the Copernicus emission inventory, with a spatial resolu-
tion of 0.1° x 0.1°. Location of Ushuaia, Rio Grande and Punta Arenas (stars)
(a) and image of the GAW Ushuaia observatory (b).

observatory roof with continuous flow at 11 1 min'. O3 was measured
by UV absorption using a TEI 49C (Thermo Electron Corporation,
Environmental Instruments) analyzer. An automatic calibration is car-
ried out daily, which consists of circulating air-zero cylinder (ozone-free
air) during 55 min. Monthly maintenance is performed that consists of
checking the filters and checking the instrument for leaks. Every four
months, a manual span calibration with three points (10, 50 and 100
ppb) was carried out. In addition, it was calibrated by a UV photometric
calibrator (TEI Model 49PS) approximately every six months. The O3
instrument participated in comparison campaigns in 2010 and 2017, in
the Regional Calibration Center of Buenos Aires (RCC-Surface Ozone)
and WMO (WMO, 2010; 2017b). Also, the instrument was audited at the
GAW Ushuaia station since 2016 and 2019 (WMO, 2016, 2019b).

CO was measured by nondispersive IR absorption photometry
(NDIR) using a HORIBA (APMA-360). Every day, it performs a cali-
bration that consists of circulating air-zero cylinder (carbon monoxide-
free air) through the analyzer for 43 min, then 15 min with a dilution
between CO of 98,800 ppb and air-zero, to obtain a dilution of 400 ppb
with 3 1 min~"! flow. Monthly, the maintenance is performed that con-
sists of checking the filters, and then circulating air-zero for 20 min with
a specific concentration of 2582 ppb. Every six months, a calibration
with three points (200, 500 and 800 ppb) was performed. Similar to Os,
CO was also audited at the GAW Ushuaia station since 2016 and 2019.
The hourly values were obtained from the data recorded every minute.

NO; measurements were performed using a MAXDOAS (Multi Axis
Differential Optical Absorption Spectroscopy) instrument. MAXDOAS is
a well-known technique commonly used to retrieve tropospheric com-
ponents based on DOAS technique (Platt and Stutz, 2008). The MAX-
DOAS instrument deployed at Ushuaia was fully developed by INTA in
the framework of their Antarctic program of measurements. This pro-
gram was established in 1994 and is devoted to the measurement of the
change in the Antarctic atmospheric composition (Yela et al. 2017,
Prados-Roman et al., 2018). This instrument was settled at Ushuaia
GAW station in 2015 and consists of an outdoor light collector pointing
at 247° N in azimuth direction, composed of a thermostatized pointer
and a telescope with 1° FOV. The skylight is guided through an optics
fibre bundle to the indoor unit, which consists of a Czerny-Turner
spectrograph and a CCD (Charge-Coupled Device) camera based on a
HAMAMATSU S7031-1008 sensor, located in a temperature controlled
box. MAXDOAS measurements were performed in cycles of about 15
min, scanning at elevations from horizon to zenith, with a solar zenith
angle below 85°.
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MAXDOAS retrieval of NOy was performed according to the recom-
mendations of Peters et al. (2017). In this work, the zenith and hori-
zontal view of each cycle was used to estimate the NO5 concentration at
the level of the station following the technique described by Gomez et al.
(2014). NO; Volume Mixing Ratio (VMR) was calculated using O4 dif-
ferential slant column density to estimate the optical path along the
horizontal view. Oy is the collision complex of O, whose concentration
and distribution is well known in the atmosphere, which can be
retrieved from MAXDOAS measurements in the visible spectrum. The
optical path to retrieve VMR from MAXDOAS measurements can be then
obtained by estimating the concentration of O, in the atmosphere and
using the values of Oy4 slant column density from these measurements.
The standard AFGL (Air Force Geophysics Laboratory) profile of tem-
perature and pressure for a Subarctic latitude (Anderson et al., 1986)
was used to obtain the O, concentration in the horizontal path and the
optical path at elevation 0° (instrument pointing to the horizon).

Finally, the local meteorology, temperature and wind (direction and
speed) were used in this work. A Vaisala weather automatic station at 2
m a.g.l. was used to measure temperature, while a Young instrument on
a 10 m mast was used to measure the wind. All the parameters were
recorded with one-minute temporal resolution.

2.3. Retrieval of NO; vertical profile from MAXDOAS instrument

Vertical profiles of NO, mixing ratios can be estimated from NO,
MAXDOAS differential slant columns densities (DSCDs) obtained at
different elevation angles using the Optimal Estimation Method (OEM)
(Rodgers, 2000) and Radiative Transfer models (RTM). This method was
previously validated in Tirpitz et al. (2020). In a first step, aerosol ver-
tical profiles were obtained through a non-linear iterative process from
MAXDOAS 04 DSCDs recorded simultaneously with those of NO5. Once
the aerosols were estimated, the NOy vertical profiles were obtained
using the estimated aerosol profiles as input in the RTM.

In this work, aerosol and NO2 profiles were obtained with bePro
OEM retrieval code (Clémer et al., 2010), based on LIDORT RTM (Spurr,
2008). The calculations must consider surface albedo, state of the at-
mosphere, optical properties of the main present absorbing/scattering
species and a vertical a priori distribution of the study species. Aerosols
optical properties are modelled through Henyey-Greenstein phase
functions for single scattering albedo SSA = 0.999982 and asymmetry
parameter g = 0.89 (Dominé¢ et al., 2008). Given that the MAXDOAS
spectrometer looks torwards the ocean, a surface albedo of 0.07, typical
of oceanic surface (Roesch et al., 2002), was considered. Aerosol and
NO, a priori profiles are considered typical, exponentially decreasing
functions with a scale height of 1 km. Corresponding surface values of
these profiles are 0.02 km ™! for aerosols and 1 ppb for NOy. DSCD for
zero elevation is affected by an obstacle, thus only DSCDs corresponding
to elevation angles between 1 and 90° were taken into account.

2.4. Global meteorological and chemical transport models and emission
inventory

To investigate the weather conditions at the Ushuaia region, mean
sea level pressure (MSLP) and wind fields from the global ECMWF
(European Centre for Medium Range Weather Forecasts) model were
used, specifically the ERA5 data reanalysis (Hersbach and Dee, 2016).
ERAS5 was produced using 4D-Var data assimilation in CY41R2 of
ECMWF’s Integrated Forecast System (IFS), with 137 hybrid sigma/
pressure (model) levels in the vertical, with the top level at 0.01 hPa.
The IFS is coupled to a soil model, the parameters of which are also
designated as surface parameters, and an ocean wave model. The ERA5
dataset contains one high-resolution realization (HRES), which has a
resolution of 31 km (0.28125°). Depending on the parameter, the data
are archived either as spectral coefficients with a triangular truncation
of T639 (HRES) and T319 (EDA) or on a reduced Gaussian grid with a
resolution of N320 (HRES) N160 (EDA). The sub-daily data for the HRES
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analyses are available hourly (C3S 2017). Using hourly output meteo-
rological fields (https://cds.climate.copernicus.eu), synoptic maps were
plotted. To explore the vertical structure of the first kilometers of the
atmosphere, hourly values of the atmospheric boundary layer (ABL)
height were also extracted in a specific period. The boundary layer
height is calculated using an algorithm based on the bulk Richardson
(R;) number (Vogelezang and Holtslag, 1996), being defined as the
lowest level at which the bulk R; reaches the critical value of 0.25
(ECMWF, 2017).

Since ERAS data reanalysis from 1979 are currently available, the
monthly mean values for temperature and geopotential height at the
pressure levels of 850 and 500 hPa were used, obtaining the annual
averages for Ushuaia. To explore possible changes in the synoptic con-
ditions during the study period, the anomalies of these two parameters
were calculated. The climatological series of 1981-2010 was considered
as the reference period.

The CAMS global near real-time (NRT) provides daily analyses and
forecasts of trace gas and aerosol concentrations with the Composition-
IFS system, with data assimilation of trace gas mixing ratios and aerosol
properties (Huijnen et al., 2016). CO, O3 and NOs fields were extracted
from the CAMS-NRT mode at the 1000 hPa pressure level, with a time
step of 3 h and spatial resolution of 0.25° x 0.25° (latitude x longitude).

To investigate the temporal evolution of the CO emissions at the
Ushuaia region, the CAMS global and regional emission inventory
(Granier et al., 2019) was used. To have an accurate quantification of
surface emissions from anthropogenic and natural sources, the CAMS
global anthropogenic emissions, which are based on the emissions
provided by the EDGARv4.3.2 inventory developed by the European
Joint Center (Crippa et al., 2018) and the Community Emissions Data
System emissions (Hoesly et al., 2018), were used. Annual averages with
0.1° x 0.1° as spatial resolution were used in this study.

2.5. Criteria to identify O3 and CO patterns

Previous studies (Adame et al., 2019) show the occurrence of two
main patterns of CO and Os at the Ushuaia region. The first pattern is
characterized by almost constant O3 and CO mixing ratios under con-
ditions governed by the synoptic scale, which is described in detail in
section 3.2; the second pattern is governed by the local scale and
distinguished by an increase in the CO values along with a drop in the
ozone mixing ratios, in the Fig. 6 the two mentioned O3-CO patterns are
shown. To later identify and analyze these patterns, two criteria were
applied to the hourly database: for the identification of the first pattern,
the condition imposed was that the mixing ratio of O3 and CO did not
vary more than 10% for at least 24 h. In the second case, a selected day
was considered to follow this pattern if there was, simultaneously in one
hour, a decrease of 20% in the O3 level and an increase of 30% for CO
with respect to the values observed two hours before. An event day was
considered if at least two consecutive hours met this double criterion.
Although other criteria may be applied, the previous visualization of the
O3 and CO time series showed that, by applying the aforementioned
criteria, they were restrictive enough to capture all events.

3. Results
3.1. Ogzone and carbon monoxide overview and emission sources

During the nine-year measurements period, an absolute maximum of
40 ppb was obtained for O3, measured on June 30th 2010 at 19:00 UTC,
with a 95th percentile of 32.1 ppb, a mean of 20.3 + 7.6 ppb and a
median of 19.8 ppb; the lowest mixing ratios were 8.0 ppb as the 5th
percentile. For CO, there were two remarkable absolute maxima recor-
ded in these nine years: the one collected on May 26th 2015 at 23:00 had
an hourly value of 735 ppb, and the one collected on August 24th 2014
at 2:00 UTC had a mixing ratio of 654 ppb. Both CO peaks were unex-
pected for this background environment. While the 95th percentile was
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164.5 ppb, the mean was 72.9 + 47.5 and the median was 59.6 ppb. The
difference with the mean could be associated with the highest CO values.
Considering the CO baseline as the 5th percentile, a value of 40.7 ppb
was obtained.

O3 and CO at the Ushuaia region show monthly and diurnal varia-
tions. For O3, the minima were observed in the summer months, while
the maxima were observed in the winter months. A similar pattern was
found for CO. Regarding daily evolutions, O3 and CO presented nearly
constant mixing ratios during the day, although in the case of O3 there
was a slight increase at midday. These temporal evolutions were studied
in detail in Adame et al. (2019).

The patterns of O3 and CO would be modulated by both weather
conditions and emissions sources. Since the meteorological factor is
presented in the next section, the possible emissions sources, which
affect the Ushuaia region, were investigated. Previously, it is well known
that the main atmospheric emissions at Ushuaia could be associated
with the fossil fuel burned for domestic heating, transportation and
power generation. The Copernicus emission inventory was used to
investigate the temporal evolution of these emissions using CO as tracer
of the representative emissions in this area.

Fig. 1 shows the horizontal distribution of the total CO emissions,
including all the sources, in 2018. The Ushuaia city can be clearly
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considered as the closest source emission, and, consequently, the
chemical measurements collected at the station could be affected by this
source. Its degree of influence depends fundamentally on the wind (di-
rection and speed) on a horizontal scale, as well as on the ABL structure
in the vertical component.

Other remote sources that could affect the station are located NW,
the same direction in which the Martial mountain range is located. One
of them is an extensive region in the north of Isla Grande de Tierra del
Fuego, approximately 100-120 km from Ushuaia, where the city of Rio
Grande, located in the coastal zone, is found, in which there are in-
dustrial activities for the extraction of gas and oil from the deposits
located in the region. The second remote source with the highest CO
emission levels of this region is the city of Punta Arenas (Chile);
although located 250 km NW of Ushuaia, with favorable airflows from
this direction, its emissions could affect not only the Ushuaia but the
whole Tierra del Fuego region.

3.2. 03 and CO pattern under weather conditions governed by westerly
winds

As mentioned in Section 2.5, the first investigated scenario is gov-
erned by the synoptic scale. The weather conditions at the Ushuaia

b) Wind speed for 18/01/2016 at 12:00 UTC
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region are mostly governed by westerly airflows that are caused by an
almost permanent low-pressure system located in the Pacific Ocean, in
the west of the Antarctic Peninsula, affecting the Bellingshausen and
Amundsen seas at latitudes below 65° S. Weather is also strained by the
high-pressure system also located in the Pacific Ocean but at higher
latitudes, approximately between 40° and 50° S. The Ushuaia and Tierra
del Fuego regions are situated in a transition zone between these two
high and low-pressure systems, a corridor influenced by these intense
winds at any season of the year (Fig. 2a).

Although many periods with these same characteristics were iden-
tified and analyzed, the period January 16th-20th 2016 (summer sea-
son) was selected as representative for this work. To investigate the
weather conditions, hourly MSLP and wind fields obtained from a
reanalysis of the ERA5 data were used (Fig. 2a-b). The MSLP map
revealed an isobaric configuration, as previously mentioned, while the
wind fields showed intense westerly airflows in the entire zone of Tierra
del Fuego, with wind speeds higher than 10-12 m s~!. The local wind
supported the results obtained with ERA5: constant flows blowing from
SW-W with wind speeds higher than 6 m s~* and gust higher than 15 m
s~1 (Fig. 3a).

Under these conditions, O3 and CO measurements on the surface
showed values that were almost constant for two consecutive days. In
the summer months, the mixing ratios showed ranges of 10-15 ppb and
60-70 pbb for O3 and CO, respectively, while NO; registered values
below 80 ppt (Fig. 3bc). Although it is not shown, this pattern was also
observed during the winter months, revealing constant mixing ratios
with values of 30-35 ppb and 70-80 ppb for O3 and CO, respectively.
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Under these conditions, could be observed the O3, CO and NO, back-
ground values in this region.

To investigate the spatial distribution of Og, CO and NO,, the CAMS
model output was used (Fig. 2¢-d-e). Under westerly flows, the CO fields
showed lower mixing ratios in marine regions than in continental re-
gions. The lower CO mixing ratios were clearly observed in areas where
the wind blows intensely, and increases when the dispersion decreases,
such as in southern South America. In this last case, CO could be accu-
mulated in the lower layers and be associated with the continental
emissions.

Although the evaluation of the CAMS model is not the aim of this
work, there was a clear underestimation of the CO values (~35-40 ppb)
obtained with the model, with respect to the experimental observations
(~60 ppb). A similar behavior was obtained for NO, although, in this
case, the mixing ratios were low in a large area of the studied region.
Therefore, an increase of CO and NO, was identified, attributed to a
weak horizontal dispersion in regions located north of 52 °S latitude.
However, O3 showed a horizontal distribution opposite to that of CO and
NOy, with high and low mixing ratios in marine and continental areas,
respectively. As expected, Os in the continental area undergoes elimi-
nation processes: both chemical elimination, associated with anthro-
pogenic emissions, and dry deposition. This O3 decrease was clearly
observed at the Ushuaia region in the maps of January 18th 2016
(Fig. 2¢); in this case, the values computed by the model were similar to
the experimental observations.
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3.3. Impact of the local scale on O3, CO and NO,

A pattern characterized by a decrease of O3 and a rise of CO and NO,
was observed during specific periods. Applying the criteria mentioned in
Section 2.5, the periods with this behavior were identified. On the one
hand, it was obtained that an event with at least two hours of duration
occurred in 45.8 + 3.4% of the days, oscillating between 50.8% in 2013
and 41.8% in 2018. No trends in this percentage of occurrence were
observed. The duration of the events ranged between 2 and 7 h. Events
with different duration in hours during the same day, and even on
consecutive days, were obtained. On the other hand, as expected, it was
observed that the longest events, longer than 5 h, occurred mostly in the
coldest months, between May and September, since the winter months
are distinguished by thermal inversions or weak development of the
mixing layer, thus favoring the accumulation of emissions in the lower
layers. In addition, the annual number of hours with events was
accounted, obtaining an average annual frequency of 6.4 + 0.5%,
ranging between 6.6% (in 2011 and 2016) and 7.9% (2013). As ex-
pected, taking into account the small number of days showing this
behavior, no trend was observed with the frequency in hours. For
example, in 2013, this was only observed 50.8% of days with events,
with a total of 648 h, i.e., an annual frequency of 7.9%.

a) MSLP for 05/07/2018 at 12:00 UTC

60°S |

70°s

60 W

90 W 80’ W 70 W

| Iy s

995 1000 1005 1010 1015 1020 1025 1030

MSLP (hPa)

Atmospheric Research 255 (2021) 105551

The occurrence of this pattern is associated with a decrease in the
wind speed, since an average of 2.1 + 1.3 m s~ ! was obtained for the
identified events, which corresponds to almost atmospheric stagnation.
An analysis of O3 and CO mixing ratios, in these events, revealed an O3
mean of 11.0 + 5.8 ppb; therefore, the O3 destruction was around 45%
(taking as reference the annual mean of 20.3 + 7.6 ppb). While the
accumulation of CO close to the ground showed a mean of 161.1 + 83.2
ppb, the annual average of the CO peaks in these events was usually
567.1 + 101.1 ppb.

Several events were analyzed in detail. However, to explore the
origin of this pattern and determine representative values of duration
and recorded mixing ratios, the period of July 2nd-10th 2018 was
selected. To investigate the weather conditions under which these pat-
terns occurred, MSLP and wind fields obtained from the ERA5 data
reanalysis were used (Fig. 4). It was observed that this pattern is given
under weather conditions governed by a high-pressure system, which
affects the study region, causing a decrease in horizontal advection or
even atmospheric stagnation.

The high-pressure system, which ends up influencing the study re-
gion, can evolve in three different ways: i) movement of the high-
pressure system located in the south of the Pacific Ocean towards
lower latitudes and positioning in the western part off the coasts of
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Fig. 4. Mean sea level pressure (MSLP) and wind fields for July 5th 2018 at 12:00 UTC (a-b), and CO, O3 and NO, spatial distribution obtained from the CAMS model

with a 0.25° x 0.25° spatial resolution (c-d-e). Location of Ushuaia (star).
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South America; ii) high-pressure system located in the continental re-
gion of South America and going towards lower latitudes, which, in
some occasions, may not only affect the Ushuaia region, but also the
west side of Drake Passage (this is what happened in the event of July
2018, see Fig. 4a); and iii) high-pressure system located in the south of
the Atlantic Ocean, moving southwards and affecting the southern part
of South America. With these isobaric configurations, the impact at the
Ushuaia region is the same: the high-pressure system blocks the low-
pressure system located in lower latitudes and close to the continent
of Antarctica, inhibiting western airflows, which causes the wind speed
to decrease or even reached atmospheric stagnation at the Ushuaia re-
gion, as occurred on July 5th 2018 (Fig. 4b). The usual conditions re-
turn, i.e., westerly airflows, with the weakening of the high-pressure
system and the displacement of the low-pressure system to the north.

In the selected event of July 2018, there was wind blowing from the
west with a wind speed of 12-14 m s~!. Due to the influence of the high-
pressure system, the westerly winds were blocked and, in the early hours
of July 3rd 2018, an abrupt decrease in the wind speed was recorded,
with hourly values below 2-3 m s~!. Onwards, the wind direction
showed mainly a north component, oscillating with wind speeds be-
tween ~2 and 4 m s ! and even calm winds. These conditions remained
until noon on July 8th 2018, when the low-pressure system returned to
its usual position and the westerlies started to blow with wind speed
higher than 6-8 ms typical values in these conditions. (Fig. 5a).

The evolution of the experimental temperature and the ABL height
obtained from ERAS5 were explored in this particular period (Fig. 5b). A
strong correlation was observed between wind speed, temperature and
ABL height.

As was previously mentioned, under anticyclonic conditions, there
was a decrease of wind speed associated with a decrease of temperature.
The daily mean temperature on July 6th and 8th 2018 was —1.0 + 1.6 °C
and 8.6 + 2.1 °C, respectively. Likewise, there was a decrease in ABL
height, which barely reached 100 m under these conditions, while the
maximum ABL height was up to 800-1000 m under a scenario governed
by westerly flows, as occurred on July 2nd and 9th before and after the
event, respectively.

Atmospheric stagnation promotes a further cooling of the ground

Wind direction
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and a greater thermal vertical stability. Otherwise, when the air blows
from the Pacific Ocean, this marine air mass is warmer and favors the
development of the ABL.

As is known, the meteorological conditions have a direct impact on
the behavior of the studied trace gases. Before such event, on July 2nd
and 3rd 2018, mixing ratios (both during the day and at night time) of
~30-35 ppb and ~ 55-60 ppb were registered for O3 and CO, respec-
tively, while the measured NO, values remained below the detection
limit (about 5 ppt for this particular day) (Fig. 6ab).

The decrease in the wind speed simultaneously caused a sharp drop
in the O3 mixing ratios, along with an unexpected increase of CO and
NO,. On July 4th 2018 at 6:00 UTC, 55 ppb of CO and 32 ppb of O3 were
measured. However, 12 h later, at 18:00 UTC, 340 ppb of CO, 12 ppb of
O3 and up to 2200 ppt of NO, were registered (Fig. 6).

Therefore, the mixing ratio of CO was multiplied by a factor of 6, NO,
by more than 10 and O3 decreased by a factor of approximately 4.5. On
these days, CO peaks higher than 440 ppb were observed on July 4th at
12:00 UTC, July 5th at 18:00 UTC and July 8th at 1:00 UTC. These were
elevated and unexpected CO values for a background environment such
as Ushuaia, whereas NO5 showed peaks higher than 3000 ppt on July
4th-8th 2018, with a maximum of 3700 ppt registered on July 6th 2018.
The weak or null advection favored the accumulation of the chemical
species emitted by local sources in the lower atmospheric layers. The
photochemical Os removal was probably driven by the CO and NOy
emissions, depressed through a phenomenon defined as NOy titration
(NO+03NO; + Oy), although other destruction processes, such as the
removal with HOy radicals, could not be discarded.

This observed pattern at Ushuaia occurred at the regional level. The
O3, CO and NO, fields obtained with the CAMS model (Fig. 4c to €)
showed an increase of CO and NO; both in the Tierra del Fuego region
and in areas further north (July 5th 2018) and low O3 mixing ratios in a
specific area of Ushuaia and Tierra del Fuego. On July 9th 2018 on-
wards, the weather conditions changed, and an increase in the hori-
zontal dispersion, associated with the west airflows, caused a decrease in
the CO and NO,, with the recovery of ozone values.

The NO; MAXDOAS measurement allows the retrieval of profiles
(section 2.3). Fig. 6¢ shows the NO5 profile in this event of July 2018.
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Prior to the event, on July 2nd and 3rd, NO, was below detection limit of
10 ppt in the first kilometers, thus, with westerly winds and wind speeds
higher than 8 m s™!, the atmospheric ventilation not only occurred on
the surface but also in at least the first three kilometers. The ABL
development these days reached a maximum height of ~800 m. During
the event, in July 4th-8th 2018, clearly NO, was observed in the upper
layers.

The event started on July 4th and 5th, when a NO3, distribution in the
first kilometer and a maximum ABL height of ~50-70 m were observed.
The highest NO, mixing ratios were obtained in the first 500 m (up to
4500 ppts), while above 500 m there were mixing ratios of up to ~2000
ppts. On July 6th, NO, was accumulated in the first hundreds of meters,
i.e., within the first kilometer. The levels of NO; close to the ground were
the highest of this event, which was expected, since less development of
the ABL associated with temperature below 0 °C favored the accumu-
lation of NO5 on the surface. The event finished with an increase in wind
speed, temperature and maximum ABL height. A major vertical and
horizontal dispersion resulted in low values of NO, or event close to
zero.

Whether it is assumed that the NO, vertical behavior obtained is
similar to other chemical species such as CO, the occurrence of westerly
flows or atmospheric stagnation determines the horizontal wind speed,
temperature and the development of the ABL, as well as the behavior of
the trace gases.

3.4. Annual temporal evolution of O3 and CO: Unexpected positive CO
trend

Despite the short data series available (11 years), the variation of O3
and CO in the last decade was explored using the annual averages.
Fig. 7a shows the annual temporal evolution of O3 and CO at Ushuaia
and their linear fits. An annual anticorrelation between O3 and CO was
observed, i.e., an increase of CO vs a decrease of O3 and vice versa.

The annual values of O3 oscillated between 19.0 + 5.3 ppb in 2016
and 22.0 + 4.3 ppb in 2018, with an annual amplitude of ~3 ppb in such
period. O3 showed interannual variations: the first 3 years (2010—2012)
showed an upward trend, and in the following years, until 2016, the
annual values decreased. In the last three years (2016-2018), the trend
started to increase again. Using the linear fit of O3 in the whole period, a
slope of 0.07 & 0.12 ppb year™! (r = 0.24 and p = 0.53) was obtained; i.
e., no significant trend was found. Similar result was found in Cape Grim
(Tasmania, Australia) with a trend of 0.06 + 0.02 ppb year’1 (r=0.71)
using the period 1982-2010 (Cooper et al., 2014) and El Tololo (Chile)
with 0.67 ppb decade™! (p=0.63) from 1995 to 2010 (Anet et al., 2017;
Cooper et al., 2020). However, the trend of Ushuaia was slightly lower to
obtained for Cape Point (South Africa) with a trend of 0.19 + 0.05 ppb
year’1 (r=0.85) in the interval from 1983 to 2011 (Cooper et al., 2014).

The yearly averages of CO vary between 59.3 + 15.0 ppb in 2010 and
79.0 £ 1 9.5 ppb in 2017, with an annual amplitude of ~20 ppb. In
contrast to the result obtained for O3, CO showed a positive trend with a
slope of 1.75 + 0.49 ppb year! (r = 0.80 and p = 0.09), i.e. an annual
increase of 1.6 ppb year L. Therefore, in the last decade, the CO mixing
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Fig. 7. Ozone and carbon monoxide annual temporal evolution and their linear fits, annual frequency of hours with hourly CO values higher than 300 ppb (a) in the
period of 2010-2018, annual temporal evolution of the anomalies for the geopotential height at 500 hPa (Z500) and temperature at 850 hPa (T850) from ERAS5 data
reanalysis between 1980 and 2018 and CO emissions at the Ushuaia area (b). The reference period for the climatological series was 1981-2010.

ratios increased by ~22%. The trend observed in Ushuaia was opposite
to others CO trends obtained in the southern hemisphere. Thus, for
example in Wollongong (Australia) was obtained a short-term trends of
—11 ppb year ! using in situ observations in the period 2011 to 2014
(Buchholz et al., 2016); in Lauder, (New Zealand) was registered a
decrease of 0.94 + 0.47% yr ! in CO columns measured with a FTIR
(Fourier Transform Spectroscopy) instrument during the period
1997-2009 (Zeng et al., 2012); while using observations from four in-
struments onboard satellites, was detected a decrease in the Southern
Hemisphere (0-60°) oscillating between 0.54 + 0.44 (period
2003-2011) and 2.4 + 2.7 (period 2005-2009) in % yr71 (Worden et al.,
2013).

To determine whether this increase could be attributed in the whole
range of CO values, the annual frequency of occurrence of the number of
hours with CO mixing ratios higher than 300 ppb (Fig. 7a) was analyzed.
The obtained results point out that the variation in the annual number of
these events strongly influences the annual averages variation. There-
fore, the CO annual average is increasing due to the increase in CO
peaks, registered under anticyclonic conditions with almost atmospheric
stagnation (Section 3.3). The explanation of this upward trend in the
annual CO should be associated with changes in the emissions, changes
in the weather conditions or both simultaneously.

In order to explore whether this fact was associated with the weather
conditions, the annual anomalies of temperature (T850) and geo-
potential height (Z500) were analyzed in the 850 and 500 hPa levels,
respectively. The monthly values from the ERA5 data reanalysis were
obtained for Ushuaia, and then the annual averages were obtained from
these values. According to the definition of the World Meteorological
Organization (WMO 2017a), to identify climatological changes, a recent
30-year period must be investigated, since it is most representative of

normal conditions. The 1981-2010 baseline period is used, at present,
for climate monitoring (WMO, 2019). To investigate whether the
possible changes in the meteorological conditions only occurred in the
last decade or in a longer period, such a climatological reference period
was taken into consideration. Currently, ERA5 has available datasets
from 1979 to present. Therefore, the annual anomalies for the temper-
ature and geopotential heights were calculated from 1981 to 2018
(Fig. 7b).

As was expected, a clear correlation was obtained in the anomalies of
T850 and Z500. In the 80s and 90s, a typical year-on-year variation is
observed, with the anomalies oscillating around zero; it is worth high-
lighting the negative anomalies of 1986 and the positive anomalies of
1998-1999. In the 2000s, the first eight years were dominated by pos-
itive anomalies, and, from 2009, the anomalies were mainly negative,
exception for 2016, which presented the maximum positive anomaly for
the historical series of almost the last 40 years.

Positive temperature and geopotential height anomalies at 850 hPa
and 500 hPa levels are an indicator of anticyclonic conditions, which
would induce a local surface high-pressure system that promotes weak
airflows or atmospheric stagnation (Horton et al., 2016). In the last
decade, there was no clear positive trend in T850 or Z500 anomalies,
which would result in a greater number of atmospheric stagnation sit-
uations and an increase of CO mixing ratios. This result was in agree-
ment with the identification of the pattern governed by the local scale
(Section 3.3.), which did not show any trend in the last decade, with a
similar frequency of occurrence throughout the whole period. There-
fore, it can be assumed that the upward CO trend could not be attributed
to a change in the weather conditions.

Emissions are the second factor that could be affecting CO mixing
ratios. To explore it, the annual evolutions provided by the Copernicus
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emissions inventory were used, applying an area-average of 1° x 1°
around Ushuaia (Fig. 7b). Since the inventory provides information
since 2000, we can see if the changes were recent or prior to this date.
Although in the Fig. 7b are shown the total emissions, an annual analysis
of them, according to the source sector, showed to the traffic as the main
CO source with an 84.7 + 1.8% followed by the domestic heating with a
9.9 + 1.4% in the period 2000-2018.

The 2000s began with a clear decline in CO emissions: an annual 5%
decrease between 2000 and 2004. These years coincide with a strong
economic crisis in Argentina, which began in the late 1990s. Accord-
ingly, the CO decrease could be attributed to a slowdown in human
activity due to the economic crisis. From 2005 onward, the economic
activity activation could be the factor that led to a change in CO trends,
since a clear upward trend in the CO emissions at Ushuaia was observed
in the emission inventories. In the last 13 years (2005-2018), an
increment of 4.4% per year (absolute increase of 58%) was obtained in
CO emissions, from 20.1 Tn km? h-! in 2005 to 31.1 Tn km? h-! in 2018.
However, in the last nine years, this positive trend decreased, with a
yearly variation of 2.1%. Therefore, the results were similar, i.e., an
increment of annual CO mixing ratio of 22% and an increase of CO
emissions of 19% in the same period. Thus, it is evident that the
observed CO upward trend can be attributed to an increase of emissions.

As was previously mentioned, the highest CO mixing ratio occurs
under anticyclonic conditions, and even if their frequency did not
change, the higher the emissions, the higher the registered CO concen-
trations are.

As could be expected in a warm climate, if the meteorological con-
ditions change through a greater number of anticyclonic situations, with
positive anomalies of T850 and Z500, both factors, i.e., emissions and
meteorology, could contribute to this CO increase. In that case, the levels
of not only CO but probably other chemical species, such as NO3, would
be expected to undergo a considerable increase. Such a situation took
place in the year 2016, with clearly increasing emissions and with the
highest positive anomalies of T850 and Z500 of almost the last four
decades. This resulted in the second highest annual CO value of the
whole studied period, with 78.5 & 17.9 ppb, a difference of 0.5 ppb and
an annual mean of 79.0 + 19.5 ppb for 2017. 2016 is also the year
presenting the largest number of hours, with CO mixing ratios higher
than 300 ppb.

If in the next years or decades, emissions continue to increase and the
weather conditions are similar to those of 2016 or show even higher
positive anomalies, a substantial change in the atmospheric composition
of this region could be expected, which would have unknown
implications.

4. Conclusions

In this work, we explored the behavior patterns of two trace gases, i.
e., ozone (O3) and carbon monoxide (CO), at the GAW-WMO (Global
Atmospheric Watch — World Meteorological Organization) station of
Ushuaia (Argentina). The hourly mixing ratios measured for nine years
(2010-2018) were used.

An overview of the data series showed a 95th percentile of 32.1 ppb
and 164.5 ppb for Oz and CO, respectively. While the absolute maximum
values were 40 ppb for O3 measured on June 2010 and 735 ppb for CO
recorded on May 26th 2015, the mean and median values were 20.3 +
7.6 ppb and 19.8 ppb for O3 and 72.9 + 47.5 ppb and 59.6 ppb for CO,
respectively. To investigate the emissions affecting this region, the
emission inventory of Copernicus was used, taking CO as tracer. The
main sources were identified at the Ushuaia region itself, as well as in
regions located in the north.

Based on previous studies, two behavior patterns for O3 and CO were
identified. Representative periods of each pattern were analyzed in
detail. Furthermore, in these events, NO, measurements obtained with a
MAXDOAS instrument were also analyzed.

The most frequent pattern is characterized by Oz and CO mixing
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ratios that remained unchanged for days, with values of 10-15 ppb and
60-70 ppb, respectively, and below 200 ppt for NO,. This pattern is
associated with weather conditions governed by the intense westerly
airflows caused by a low-pressure system located in the south of the
Pacific Ocean. The O3, CO and NO, horizontal distributions obtained
from the CAMS model suggest that not only the Ushuaia observatory but
a large region situated in the south of South America showed the same
behavior, i.e., low CO mixing ratios, almost null values of NO5 and low
O3 values in continental areas, while the surrounding marine areas
showed higher mixing ratios.

Applying a specific criterion, events with a second type of pattern
were identified. In 45.8 + 3.4% of the days, an event of at least two
hours occurred. The total number of hours with an event was 26, which
translates into an average annual frequency of 6.4 + 0.5%. This pattern
is characterized by low O3 mixing ratios (~12 ppb), elevated NO5 values
(higher than ~3000 ppt) and CO values with peaks exceeding 400 ppb.
This scenario was caused by the influence of a high-pressure system,
which blocked the westerly winds and caused atmospheric stagnation.
The winter months favor the temperature decrease, strong vertical sta-
bility and an almost null ABL development, with the subsequent accu-
mulation of trace gases such as CO and NO, in the lower troposphere.

The annual trend of O3 and CO was explored. While no O3 trend was
obtained, in the case of CO, an unexpected upward trend was identified,
with an increase of 1.75 + 0.49 ppb year ! (22% in the whole period of
nine years). To investigate its causes, both meteorological and emissions
factors were analyzed. Possible changes in the weather conditions were
studied along with the annual variation of the temperature anomalies
(T850) and geopotential height (Z500), obtaining no trends. Annual CO
emissions showed an increasing trend of 2.1% per year (19% in the
whole period); therefore, the CO increase could be attributed to the
emission changes. Since the traffic is the main source of CO in this area
(~85%), this increase could be attributed to the increase of the traffic,
which could be associated with a growth of the city.

In remote regions such as Ushuaia, future studies should be con-
ducted to identify possible changes in the weather patterns and in the
levels of trace gases, since, in a future warm climate governed by more
anticyclonic situations, along with a growing trend in emissions, an
outstanding change in the atmospheric composition could occur.
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