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Abstract

Lower tropospheric thermal structure greatly affects atmospheric boundary-layer (ABL) sta-
bility and mixing processes with the free troposphere. In particular, in polluted urban zones,
ABL stratification becomes a key variable in air quality research. This study focuses on
generating a climatology (1990-2017) of the seasonal variability of ABL thermal structure
in Mexico City by way of radiosonde analysis. Thermal inversion intensity and frequency
are shown to be greater during winter and spring, a behaviour which coincides with greater
pollutant concentrations. Higher concentrations are found during the dry season (November
to May) than during the rainy months. In addition, significantly higher than normal surface
pollutant concentrations are found on days with simple thermal inversion layers as well as
during multilayer inversion days. Furthermore, stable layers, determined by potential temper-
ature, are found throughout the year but more frequently during winter, whereas stable layers
based on the virtual potential temperature prevail all year. In regions of complex terrain, such
multiple stable layers have also been identified by previous authors. Additionally, the most
unstable surface layers (in which the bulk Richardson number (Rip) is small) develop during
the rainy season, whereas during winter there are more levels in the vertical column with
higher Rip values. Although the Mexico City ABL and pollution episodes have been widely
studied, this represents the first long-term investigation to consider the thermal stability of
the ABL. Therefore, the present study provides a baseline for further research employing
different observational techniques and high-resolution numerical models.

Keywords Air quality - Complex terrain - Multiple stable layers - Seasonal variability -
Thermal structure

B Andrea Burgos-Cuevas
andreab.app @atmosfera.unam.mx

Centro de Ciencias de la Atmoésfera, Universidad Nacional Auténoma de México, Mexico City,
Mexico
Department of Physics, Oxford, UK

Institute of Earth Sciences, University of Iceland, Reykjavik, Iceland

Icelandic Meteorological Office, Reykjavik, Iceland

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10546-021-00615-3&domain=pdf
http://orcid.org/0000-0003-2012-4839
http://orcid.org/0000-0002-9335-6705
http://orcid.org/0000-0002-0396-9744
http://orcid.org/0000-0002-7292-3002

132 A. Burgos-Cuevas et al.

1 Introduction

The atmospheric boundary layer (ABL) constitutes the lower portion of the troposphere
in which the vertical exchange of heat, water vapour as well as tracers, such as aerosols,
particulate matter and gaseous pollutants take place (Coulter 1979; Garratt 1994; Stull 2012).
It is well established that the ABL, its height and its thermodynamic structure can strongly
influence air quality (Guo et al. 2009; Pal and Haeffelin 2015; Li et al. 2017; Zhang et al.
2018). In particular, the ABL height is an important parameter in determining the strength of
vertical and horizontal transport of pollutants (Haikin et al. 2015; Berkes et al. 2016; Guo et al.
2016). The ABL height has traditionally been determined from vertical profiles of temperature
and humidity derived from atmospheric soundings and, more recently, from remote-sensing
techniques such as lidar and sodar (Steyn et al. 1999; Hennemuth and Lammert 2006; Zhang
et al. 2014; Guo et al. 2016; Zhang et al. 2018). Nevertheless, the height of the ABL is not
always easily determined (De Wekker and Kossmann 2015; Herrera-Mejia and Hoyos 2019);
it has been shown that, in regions of complex terrain, the ABL vertical structure can become
increasingly intricate with multiple stable layers capable of confining pollutants below (Kolev
et al. 2000; De Wekker and Kossmann 2015; Largeron and Staquet 2016b; Serafin et al.
2018). There are various physical mechanisms by which stable layers stifle the mixing of
pollutants and other tracers. These layers can control whether the valley atmosphere is coupled
or decoupled with the overlying free atmosphere where synoptic flow is typically able to
ventilate pollutants. Stable layers closer to the ground have been found to control multi-scale
interactions which enhance or stifle mixing (Serafin et al. 2018). One of the mechanisms that
favours turbulent exchange within the ABL is the breaking of internal gravity waves (Mahrt
1999; Sun et al. 2015). However, stable layers can confine these turbulent motions, thereby
impeding vertical mixing and increasing the concentration of near-surface pollutants (Serafin
et al. 2018). Hence, for urban zones situated in mountain-valley configurations, further study
is required to better characterize multi-stable-layer ABL structure and its impact on pollution
events.

The influence of airborne emissions from large urban conglomerations (e.g., megacities)
extends far beyond the local area (Molina et al. 2018). For example, urban pollution can
determine regional air quality due to contaminant transport. Even global effects arise from
megacity emissions given that they are large sources of greenhouse gas emissions (Molina
et al. 2010). However, to understand the complex relationship between pollution episodes,
meteorological conditions and the urban ABL, long-term observations are critical. More
robust observational datasets are needed to improve theory, derive adequate parametrizations
of physical processes, as well as to validate numerical model output (Martilli 2007; Barlow
2014).

In the simplest framework, the urban ABL evolution and height are strongly tied to the
diurnal cycle of insolation. The convective boundary layer (CBL) generally develops during
daytime hours, while a stable surface and residual layer often form overnight (Stull 2012;
LeMone et al. 2013, 2014; Zhang et al. 2018). However, the diurnal evolution of the ABL (as
well as its structure, dynamical processes, and pollutant concentration) often reveal strong
seasonal variability. For instance, the climatological ABL height over Beijing and Shanghai
exhibits large seasonal variations, which are associated with changes in aerosol concentrations
(Zhang et al. 2018). Similarly, black carbon concentrations in New Delhi (Tiwari et al. 2013)
and nitrous oxide (NO) episodes in Los Angeles (Gorham et al. 2010) are also strongly
linked to seasonality. The ABL structure also varies subseasonally according to temperature
and insolation patterns, as found for Santiago, Chile, in both winter (Ragsdale et al. 2013)
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and summer (Barrett et al. 2012). Given the seasonal impact on ABL vertical structure, its
characterization is a fundamental goal of air pollution research, and hence requires multi-year
datasets (Coulter 1979; Van Pul et al. 1994; Cao et al. 2007; Guo et al. 2016). As noted above,
a further confounding factor to seasonality is the effect of complex topography given that
mountain-valley circulations can complicate the simple vertical-stability-structure paradigm
(Kolev et al. 2000; Haikin et al. 2015).

A particular case in point is Mexico City, where both seasonality and complex topography
play fundamental roles in the evolution of ABL vertical structure and pollution episodes. It is
worth noting that seasonality exerts different impacts on the ABL; however, diurnal insolation
variability is one of the most important drivers determining ABL stable layers and their depth
(Zhou et al. 2016; Levi et al. 2020). As one of the world’s most populous cities, Mexico City
experiences a heavy daily load of emissions from more than four million vehicles, as well
as from industry, significantly affecting air quality (Molina et al. 2007; Chavez-Baeza and
Sheinbaum-Pardo 2014; Peralta et al. 2019). Contamination transport resulting from local
circulations in Mexico City and associated meteorological conditions has been investigated
(Doran et al. 1998; Jauregui 1988; Whiteman et al. 2000; Doran 2007; Molina et al. 2007).
Results from these campaign studies have indicated that a close relationship exists between
high-pollution episodes and thermal inversions in Mexico City. This implies that, in the
presence of thermal inversions, surface air quality is usually poorer when inversions are
absent. With respect to seasonality, previous studies have also found that the frequency
of surface-based thermal inversions is greatest from November to April, while from May
to October enhanced unstable convective conditions provide vertical ventilation favouring
pollutant dispersion (Jaduregui 1988; de Foy et al. 2006; Carre6n-Sierra et al. 2015). Likewise,
the role of complex terrain in generating local circulations may also enhance the trapping of
pollutants (Oke et al. 1992; Doran et al. 1998; Jazcilevich et al. 2003). In particular, it has been
shown that local circulation patterns, due to the topographically and thermally driven flow,
are important in the basin for the transport and diffusion of pollutants (Doran et al. 1998).
In addition, the local circulation can become complex because, as shown by Jazcilevich
et al. (2003), cold air can be transported upwards due to mechanical advection when air
parcels are forced against the mountains, and they then tend to descend at night given they
are typically colder than the surrounding air. Nevertheless, as noted above, given the lack of
long-term observations adequately covering the complex topographic features, Mexico City-
based studies on ABL inversions have been short-term observational/experimental campaigns
or modelling studies (Whiteman et al. 2000; Raga et al. 2001; Jazcilevich et al. 2003; de Foy
et al. 2006; Molina et al. 2010; Apel et al. 2010).

Although several studies have been carried out on the ABL height structure over Mexico
City (e.g., Doran et al. 1998; Whiteman et al. 2000; Velasco et al. 2008), only one longer-
term study of the ABL height and its diurnal evolution has been carried out (Garcia-Franco
et al. 2018). These authors analyzed nearly six complete years of ceilometer backscatter data
providing high-temporal-resolution ABL height observations, permitting the characterization
of the ABL height evolution as well as its seasonal variability. Their results revealed that
maximum mixed-layer heights (MLHs) occur between 2500 and 3000 m above ground level
(a.g.l.). This latter maximum MLH is used here for the purpose of analyzing ABL structure
(see Sect. 3). A long-term study relating thermodynamic and dynamic parameters/variables
to the ABL internal stratification structure over Mexico City is still lacking and we intend to
fill this void.

Taking into account previous ABL research in Mexico City, we focus on the hitherto
unexplored seasonal variability of the thermal-stratification structure. Previous authors have
pointed out that, in a mountain-valley topographic configuration, such as that of the Valley of
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Mexico, the thermal stratification is complex (Kolev et al. 2000; De Wekker and Kossmann
2015; Serafin et al. 2018). In particular, just before sunrise, near-surface airflow over sloping
terrain is typically down-valley. Downslope flows enhance the accumulation of cold air in
valleys and basins, which contributes to strong stability and tends to hinder the growth of
the CBL the next day (De Wekker and Kossmann 2015). This stable layer (associated with
the downslope flow), together with the surface inversion layer and any elevated residual
inversions, can lead to multiple stable layers that are identified as positive gradients in the
potential temperature profiles (De Wekker and Kossmann 2015). Moreover, upslope flow
contributes to vertical mixing during the daytime (Adler and Kalthoff 2014). A portion of the
pollutants may be transported above the CBL top (De Wekker and Kossmann 2015; Serafin
et al. 2018), where they can be re-entrained into the valley CBL due to subsidence over
the valley, or vented into the free troposphere (De Wekker and Kossmann 2015). However,
stable layers are also able to resist erosion by wind shear, suppress turbulence, inhibit vertical
exchange, and affect mixing processes due to gravity-wave breaking. This last effect can take
place either by controlling the propagation of gravity-wave modes or by trapping the wave
energy in the underlying boundary layer (Serafin et al. 2018). In summary, multiple stable
layers affect the mixing mechanisms within the ABL, with implications for air quality in
large urban areas in mountain-valley configurations (Nodzu et al. 2006; Serafin et al. 2018).
Moreover, these stable layers may also be present during night-time (Kolev et al. 2000). In
fact, the nocturnal boundary layer can also have a complex and very variable structure, which
makes it difficult to determine its depth (Huang et al. 2017).

The present study focuses on the ABL stratification characteristics in Mexico City, which
are also observed in other urban zones of complex mountainous terrain (De Wekker and
Kossmann 2015; Serafin et al. 2018; Zhao et al. 2018). Our specific aim is to investigate
ABL stratification and its relationship with quantitative measures of local air pollution. To
this end, long-term, early-morning atmospheric soundings as well as measurements of six
atmospheric pollutants are analyzed on monthly time scales. Specifically, we analyze thermal
inversions and stratification structures of stable layers in order to elucidate the relationship
between commonly employed atmospheric pollutants used in air quality research (Wang
et al. 2014; Zhang et al. 2015) and ABL stability. In what follows, we provide details on the
radiosonde and air pollution data used, as well as the methodology for determining stable-
layer inversions, their intensity and height, as well as dynamically stable layers. We then
present results from monthly mean distributions of inversion layers, followed by a discussion
and summary of these results in the context of previous studies.

2 Study Site and Data

Mexico City lies in an elevated valley (& 2250 m a.s.l.) with a horizontal extent of approxi-
mately 9600 km?. The topographic configuration includes several mountain chains and hills
which may act to confine contaminants. In the south-western portion of the valley, the Ajusco
mountains reach heights of 800 to 1000 m a.g.1.; i.e., above the valley floor. Continuing north-
wards on the western side of the valley, a chain of mountains rises to 1000 m a.g.l. On the
eastern side, snow-capped volcanoes reach more than 3000 m a.g.1. (5.6 km above sea level)
(Whiteman et al. 2000). In addition, between Mexico City and this volcanic range lies the
Chalco Valley, separated from Mexico City by a line of smaller hills (= 200 m a.g.l.) that
may also contribute to the local circulation’s complexity. The Valley of Mexico opens on the
north-east side towards Texcoco lake.
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Here, 28 years of radiosonde data (1990-2017) are employed to analyze the vertical
stability in the ABL based on thermodynamic variables and a stability parameter (see Sect. 3).
Specifically, daily radiosonde data from the Mexican National Weather Service (Servicio
Meteorologico Nacional, SMN) are available from balloon soundings at 1200 UTC and
0000 UTC which can be downloaded from the University of Wyoming sounding site (http://
weather.uwyo.edu/upperair/sounding.html). From these sounding data, we consider pressure,
temperature, geopotential height, potential temperature (0), and virtual potential temperature
(6y), as well as the wind speed and direction. Given our focus on the generally stable, early-
morning boundary layer, only 1200 UTC soundings are considered. Soundings were launched
at the Mexico City International Airport (19.44° N, 99.07 © E) until March 1998. After this
date, the launches took place at the Tacubaya Observatory (19.40° N, 99.17 ° E), & 12 km to
the west of the airport. The Tacubaya Observatory lies near the base of the western hills which
may influence the ABL vertical structure. To discern possible differences in ABL structure
at both locations, we compute the Wilcoxon—-Mann—Whitney rank-sum test implemented in
MATLAB® by month for three parameters. The parameter one is

max — —_ (1)
max s
a Az

where T is the temperature, and z is the vertical coordinate. The other two statistics are the
height at which T, is reached,

Zmax = Z(Tmax), ()

and the mean thermal gradient within the ABL, [nean =mean(AT /Az). The parameters 1«
and zmax are also employed in Sect. 3.3 in the analysis of monthly ABL stability. These three
statistics are generated for data before 1998 (at the airport) and after 1998 (at the Tacubaya
Observatory). For each month for the corresponding years at each site, the 1200 UTC daily
sounding data are used to calculate monthly p values and corresponding 4 values. The p
value is the specific probability that the observed value of this test statistic occurs according
to the null distribution. The & value is 7 = 1 if the null hypothesis (which is that the two
samples correspond to the same dataset) is rejected and & = 0 otherwise.

These values are shown in Table 1, where all 12 monthly /4 values are zero for the parameter
Imax. Hence, the null hypothesis for this statistical test can not be rejected, implying the
monthly distributions at each site correspond to the same dataset. However, the results of
applying the Wilcoxon—-Mann—Whitney rank-sum test for the parameters zmax and Ipean
differ slightly. In the case of Iyax, we obtain 2 = 0 for 11 months, whereas for February
h = 1. Regarding Tean, # = O for 10 months. However, for April and October, the Iyean
results in 7 = 1. Although there are three months where 7 = 1, we are confident that the
distributions are essentially the same, given that, for the vast majority of months, # = 0. The
locations of the two radiosonde sites are shown in Fig. 1.

Typically, each sounding lasts less than 90 min and the data are reported according to
World Meteorological Organization standards. The soundings measure vertical profiles of
pressure, temperature, humidity, and the wind speed and direction. Based on these variables,
the parameters 6 and 6, are estimated as well as the bulk Richardson number in order to
identify thermal inversions and stable layers.

In order to link vertical stability structure to local air quality, pollutant concentrations
measured from the Automated Atmospheric Monitoring Network (Red Automdtica de Mon-
itoreo Atmosférico, RAMA) are utilized, similarly to previous studies (Raga and Le Moyne
1996; Ortuiio et al. 1997; Zhang et al. 2009; Barrett and Raga 2016; Garcia-Franco 2020).
Specifically, we examine several primary pollutants such as CO, NO, NO; and fine particulate
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Table 1 Resulting p and 4 monthly values for the Wicoxon—-Mann—Whitney rank-sum test for three parame-
ters: Imax, Zmax, and Imean

Month l"max Zmax rmeu.n
Jan p=0.6716 h=0 p=0.0795 h=0 p=05042 h=0
Feb p=0.1849 h=0 p=00170 h=1 p=03703 h=0
Mar p=0.6054 h=0 p=0.9367 h=0 p=0.5452 h=0
Apr p=00876 h= p=03917 h= p=0.0241 h=
May p=0.0994 h=0 p=06549 h=0 p=0.8540 h=0
Jun p=0.6961 h=0 p=03397 h=0 p=0.7769 h=0
Jul p=038111 h=0 p=20.3055 h=0 p=04220 h=0
Aug p=09582 h=0 p=02304 h=0 p=09916 h=0
Sep p=03734 h=0 p=0.0624 h=0 p=0.5979 h=0
Oct p=03812 h=0 p=0.0583 h=0 p=0.0201 h=1
Nov p=08730 h=0 p=03883 h=0 p=0.1571 h=0
Dec p=0.1215 h=0 p=03068 h=0 p=03251 h=0

° g

L]

® RAMA stations
@ saii ¥ RAMA since 1990

0UBeD|OA 3BNYIDIRIZ|

A Popocatepetl volcano

Fig. 1 Map of the study area revealing the complex topography around the Valley of Mexico. The black line
corresponds to the official limits of Mexico City. The systems of mountains, Ajusco-Chichinautzin corridor
and the Popocatepetl and Iztaccihuatl volcanoes, are labelled. The locations of the radiosonde at the Mexico
City International Airport (1990-1998) and the Tacubaya Observatory (1998-2017) are also indicated. The
black dots correspond to the location of the RAMA pollution monitoring stations with variable record lengths,
while the stars indicate the stations in which NO and NO; were monitored since 1990

matter, PM o and PM> 5. Ozone (O3) concentration is also analyzed, though this pollutant is
not emitted directly into the atmosphere, but results from photochemical reactions in which
the precursors are NO and NO»; therefore, O3 is a secondary pollutant. The primary pol-
lutants studied here are associated with fossil fuel combustion (Wang et al. 2001) and are
capable of directly affecting human health (Kampa and Castanas 2008). Of particular rel-
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evance here, high CO, O3, particulate matter and NO, (NO and NO;) concentrations have
been previously associated with atmospheric stability, weaker vertical mixing, and the con-
finement of pollutants in urban sites around the world (Raga et al. 2001; Wang et al. 2001;
Badarinath et al. 2009; Quan et al. 2013). Furthermore, the pollutants CO, NO, NO,, and O3
have been measured in Mexico City over our period of interest (1990-2017). In 1990, only
a few stations measured these pollutants, whereas by 2017, all contaminants were measured
at more than 30 sites. In the case of PMg, it was first monitored in 1995 and, since 2003,
PM, 5 has also been measured. These pollutant concentrations are reported hourly. Since our
focus is on early-morning stability, we examine pollutant concentrations between 0400 LT
(local time = UTC - 6 h) and 0800 LT, coincident with the morning sounding, in addition to
daily mean concentrations.

3 Methodology

The ABL stability is typically defined based on potential temperature profiles (Kolev et al.
2000; Martucci et al. 2007; Stull 2012). In particular, over Mexico City, these thermal profiles
have been used to classify ABL stability and its diurnal evolution (Whiteman et al. 1999,
2000). Here, the monthly variability of inversions and stable layers are identified in terms
of thermal profiles. In addition, monthly composites of the maximum inversion intensity
Imax (Eq. 1), are created. The maximum inversion intensity is a particularly relevant variable
because it indicates the most stable layer in the thermal profile within the ABL and, therefore,
indicates how strongly vertical movements can be impeded. The parameter zmax is also
computed in order to assess the height in the ABL that pollutants reach before the mixing
processes are affected by this stable layer. The bulk Richardson number, Rip (as utilized also
by Velasco et al. 2008; Zhang et al. 2014) can be defined as

_ 8AOAz
C0,(AU)?

where g is the acceleration due to gravity, A6, is the virtual potential temperature difference
between the top and bottom of the layer, 6, corresponds to the virtual potential temperature at
the top of the layer, and AU is the difference in wind speed across the layer. This definition of
Rig is also used to account for the influence of wind shear on stability and turbulent mixing
processes. Finally, the sounding analysis results serve as the basis for examining pollutant
concentrations measured at RAMA stations from 1990 to 2017. Specifically, monthly vari-
ability of the stratification structure and associated pollutant concentrations are calculated,
thereby tying atmospheric contaminant levels with morning ABL stability profiles.

The effect of the thermal stability of the atmosphere on pollutant concentrations is inves-
tigated through the comparison of the composites. The hourly mean pollutant data observed
between 0400 LT and 0800 LT from each station is averaged into one daily mean value for
the whole RAMA network for the period 1990-2017 (note that the specific period varies
for each pollutant as some pollutants were only monitored by the network post-1990). The
composites are then split based on the different inversion types for each day and a Welch
t-test is used to evaluate the significance of the differences between the inversion types and
the climatology.

Vertical sounding structure could certainly be affected by early-morning precipitation.
However, hourly precipitation data for the length of our study are not available. Nevertheless,
late-night and early-morning precipitation is very unusual for the Valley of Mexico (Jauregui
and Romales 1996; Jauregui 1997) and, hence, should not affect our analysis.

Rip 3)
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When analyzing sounding profiles, erroneous data may be included for a variety of reasons.
In order to eliminate these data, the soundings underwent quality control (see below). Given
the frequent occurrence of erroneous temperature and humidity data at and just above the
surface level, measurements between 0 to 50 m a.g.l. are not included here. Furthermore,
considering that the diurnal CBL hardly ever reaches 3000 m according to previous authors
(Doran et al. 1998; Garcia-Franco et al. 2018), and that the residual layer does not extend
much higher than the CBL, we focus on profiles below 2900 m. Within the resulting layer
from 50 to 2900 m a.g.l., a detailed analysis is performed. Spurious radiosonde profiles are
neglected according to the following criteria:

1. Incomplete profiles: whenever a radiosonde profile does not include continuous vertical
information of at least 1.5 km, the profile is disregarded.

2. The available data started above a height of 700 m (a.g.1.): if no data are reported below
this threshold height, the profile is not included.

3. Excessive outliers or unrealistic data spikes: a linear regression is fitted to each profile;
the fitted variables are T', 6, and 6,. Whenever the thermal profile diverges from this
regression, i.e., the coefficient of determination (R?) is R? < 0.65, it is considered
physically unrealistic and the profile is neglected.

4. Negative gradients of # and 6,: whenever a strong negative gradient, i.e. A6 /Az < —1.5
Kkm™!or A, /A7 < —1.5K km™!, is found, the profile is considered erroneous because
of the lack of physical realism.

Utilizing these four criteria for rejection, we eliminate erroneous profiles. For temperature
profiles, these criteria result in the elimination of 15% of the soundings. In terms of the 6
validation criteria (3 and 4), 17% of the profiles are eliminated. Finally, based on the 6,
criteria (3 and 4), 22% of soundings are disregarded. The remaining soundings considered
fall within the height range from 50 to 2900 m. A linear interpolation between the data points
is carried out in order to simplify the analysis, following the methodology of Nodzu et al.
(2006), and using the polyfit MATLAB® function between 50 and 2900 m; 100 points for
each profile with this interpolation. Profiles are specified for large vertical data gaps are
typically neglected given their strong deviation from the linear fit.

The inversion intensity is characterized by using the largest temperature gradient of each
profile and monthly composites are created. In addition, zmax (Eq. 2) is identified. Finally,
dynamic stability, taking into account the stratification and the wind speed, is investigated
utilizing the bulk Richardson number (Sect. 3.4).

3.1 Inversion-Layer Identification (Temperature Criterion)

In general, thermal inversions may be identified when the temperature gradient becomes
positive, meaning that whenever the temperature increases with height (z) within a layer, an
inversion exists, i.e., AT /Az > 0 (Arduini et al. 2016; Largeron and Staquet 2016a). In order
to identify multiple inversion layers, when more than one temperature inversion is found,
we also count how many positive gradients of temperature there are per profile. Our study
considers four different cases:

1. No inversion: AT /Az < 0 for every z.

2. Simple inversion: AT /Az > 0 only once.

3. Two-multilayers: AT /Az > 0 twice.

4. Three or more multilayers: AT /Az > O three or more times.

Examples of these four cases are shown in Fig. 2.
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Fig. 2 Typical temperature profile from each inversion type defined in Sect. 3.1: a no inversion, b simple
inversion, ¢ two-multilayer inversion, d three or more multilayer inversions

3.2 Stable-Layer Identification (0 and 8, Criteria)

Although the strict definition of a thermal inversion is given in terms of the vertical temper-
ature gradient, to gauge whether a layer is statically stable or unstable to vertical adiabatic
motions implies comparing the gradient directly with the dry adiabatic lapse rate. Therefore,
other variables, such as 6 and 6,, become more useful in the study of vertical motions given
they are conserved under certain assumptions (Nodzu et al. 2006). Furthermore, stable layers
(in which A8 /Az > 0 or A9, /Az > 0) can suppress convective activity even if AT /Az > 0
is not met (Whiteman et al. 1999; Nodzu et al. 2006). The appearance of such stable layers
can be deduced from

T 00 aT
W o=+ 4
7 32 d d+az @

where Iy = g/c, = 9.8 Kkm™!, and ¢, is the specific heat at constant pressure. Given
Eq. 4, whenever in a given layer AT/Az < 0 but 0 < |AT/Az| < 9.8 K km™!, that
layer is considered statically stable, and not a true inversion. In contrast, if the potential
temperature gradient exceeds that of an isothermal atmosphere (A0/Az > 9.8 K km™!),
then a true temperature inversion is present; i.e., AT /Az > 0K km™! (Whiteman et al. 1999).
However, previous authors have used positive values of A8/Az coinciding with a minimum
in humidity to identify inversion layers (Martucci et al. 2007). A similar analysis, regarding
the effects of humid, but unsaturated, air can be made in terms of 6,,. In this case, we consider
the impact of temperature, pressure, and humidity on air density, and its stratification. The
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procedure followed for the virtual potential temperature 6, to identify inversion layers is
analogous to the 6 case.

Here, true inversion layers, for which AT /Az > 0, are identified by employing the
temperature criteria. However, the 6 and 6, criteria are instead used to determine ABL
stability. Since stable layers, in which the magnitude of A6/Az is very small (A0/Az ~ 1K
km™!), can hardly be stable enough to prevent convective activity, a larger specific threshold
value is defined. To investigate the stability structure in the ABL, we consider the mean
gradient of 6 through the ABL from 50 to 2900 m, (Af/Az). If this gradient is below
the determined threshold value, the profile is considered to be weakly stable. In this case,
inversion layers rarely appear. If there are no values of A /Az > 6 K km™! in the profile, the
layer is then considered inversion free. In contrast, whenever the mean gradient exceeds the
threshold value, a specification of the type of the inversion layer(s) is made. This threshold
value is established after analyzing several 6 profiles and noting similar values (between 1
and 16 K km~") reported for the Colorado Plateau by Whiteman et al. (1999). Nonetheless,
since we are taking into account the entire profile, our threshold may not be as large as in
other studies where shallower inversion layers are considered (Largeron and Staquet 2016a).
Though a bit arbitrary, we set the threshold as 2.5 K km~! and then compare this threshold
to the mean gradient of the profile, i.e., AG/Az. With this procedure, we classify stable and
neutrally stable profiles in four groups:

1. No inversion: AG/Az < 2.5K km~! and A9/Az < 6 K km™! for every z.

2. Simple inversion: AG/Az > 2.5 K km~! and there is a single localized layer in which
A6 /Az increases significantly.

3. Continuous inversion: A9/Az > 3.5 K km~'. In this case, no sharp increment A8 /Az
is found; therefore, the thermal profile may not show a clear inversion layer. However,
a large and positive potential temperature gradient can suppress convective activity and,
in order to compensate for the lack of a clear temperature inversion layer, the threshold
value is considered to be 1 K km™! larger in this case than in the rest of the profiles with
sharp inversion layers.

4. Multilayer inversion: A@/Az > 2.5 K km~! and there are two or more localized layers
in which A8 /Az increases significantly.

These four cases of different stable layers according to the 6 and 6, criteria are shown in
Fig. 3. Specifically, Fig. 3d corresponds to a multilayer profile for both 8 and 6, classifications.
The monthly mean variability of stable layers with these two criteria is shown to be large in
Sect. 4. However, in order to clarify the stratification-classification structures, we provide a
profile that exhibits a multilayer structure for the both 6 and 0, profiles, Fig. 3d.

3.3 Maximum Inversion Intensity (I'yax)

Different mechanisms can be responsible for stifling vertical mixing between the remnant
nocturnal and early-morning ABL and the free troposphere. Therefore, we not only study the
stratification structure of the ABL, but also the inversion intensity and its monthly variabil-
ity. For this purpose, the largest temperature gradient is identified for each vertical profile.
Monthly averages are then calculated, considering soundings from 1990 to 2017 and the
mean monthly variability of Iyax (Eq. 1) is presented. This monthly variability of I1,,x com-
plements the inversion structure explained in Sect. 3.2. Furthermore, zmax is also computed
and analyzed seasonally. The monthly variability of both the inversion structure, strength,
and height are analyzed for determining those months when air quality tends to be poorest.
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Fig.3 Vertical @ (circles) and 6y, (dots with crosses) profiles corresponding to each of the stable layers described
in Sect. 3.2: a no inversion, b simple inversion, ¢ two continuous inversions, d multilayer inversions

3.4 Bulk Richardson Number (Rig)

Identifying stable or unstable conditions in the ABL can be accomplished by the use of the
bulk Richardson number (Rig) (Hansen 1966; Velasco et al. 2008). This dimensionless num-
ber is a key parameter in the estimation of the ABL height in numerical-weather-prediction
and climate models (Zhang et al. 2014). As the magnitude of Rip has been shown to cor-
relate strongly with the air quality (Velasco et al. 2008; Levi et al. 2020), its variability
is of interest here. The bulk Richardson number, unlike the gradient Richardson number
(Rigrad = g/p(0p/98z)/(dU /3z)%, where p is the density of the fluid), is calculated over
layers of finite depth Az. We estimate Rip according to Eq. 3, from which it can be seen that
larger values of Rip are associated with increased layer stability. For the gradient Richardson
number, it is clear that if Rig,g. > 0, then stable conditions prevail, due to strong stratifi-
cation and weak shear. In contrast, there is no specific threshold for the value of Rig above
which stable conditions are established. However, some authors have used subjective values
derived from lidar data (Cooper and Eichinger 1994), finding that for Rig > 15, mechanical
turbulence becomes negligible and the thermal stratification diminishes buoyant turbulent
transport.

We find that the value of Rip is sensitive to the layer depth considered, though this value
varies in the literature. Given our Rip values for a 150-m layer has similar values to those
found in Cooper and Eichinger (1994), we adopt their critical value. Since we focus on Rip
variability throughout the year and at different atmospheric heights, we calculate a normalized
Rip by dividing the value of Rip into its maximum monthly mean value of the entire 28-year
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Fig. 4 Monthly variability of the inversion frequencies based on the a temperature criterion, b potential
temperature criterion and ¢ virtual potential temperature criterion. For each, different lines correspond to the
proposed classification based on stratification complexity

time period. In this manner, we are able to identify the tendency of Rip throughout the year,
keeping in mind that the larger the value of Rig, the more thermal stratification dominates
over shear.

The bulk Richardson number is calculated for every 6, profile at 0600 LT for 20 sounding
levels (i.e., each 150 m thick) for all 28 years (1990-2017). The levels, corresponding to the
Az value in Eq. 3 and its corresponding magnitudes of A@, and AU, are defined between 50
and 2900 m.

In order to summarize the resulting three-dimensional matrix (Rig x height x day) of
Rip values, we present the value of Rip in grayscale. In a similar manner, previous authors
have analyzed the vertical distribution of meteorological parameters, including Rig (Velasco
et al. 2008), to demonstrate at what time of the day the maximum rate of growth of the CBL
occurs. Unlike Velasco et al. (2008), we calculate monthly, not diurnal, variability throughout
the ABL depth, with the plots presented here composed of monthly averages for the 28-year
study period.

4 Results
4.1 Inversion and Stable-Layer Identification and Variability

Once the inversion and stable layers are identified with the criteria based on the parameters 7',
0, and 0, their monthly variability is presented as in Jauregui (1988), showing the monthly
mean frequencies from 1990 to 2017 as shown in Fig. 4. It can be seen that, according to the
temperature criterion, the months with the greatest inversion frequencies are from October to
March, while from April to September, lower inversion frequencies are found. This is similar
to the result presented by Jauregui (1988), who found the greatest inversion frequencies from
November to April. In contrast, when applying the 6 and 6, criteria, the frequency of stable
layers differs: high frequencies of stable layers are found throughout the year, showing a
slight decrease in March, April and May.

Regarding the classification of inversion layers according to the temperature criterion,
simple inversions prevail as the most frequent inversion type during all months, accounting
for 25 to 45% of the days. Multilayers of two inversions are also found, but they only amount
for 20 to 30% of the days in the winter months and are less frequent the rest of the year.
However, it is worth noting that, during the dry months, which have larger incidences of
pollution days, multiple inversion layers develop with a considerably higher frequency. In
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Fig. 5 Potential temperature (circles) and virtual potential temperature (crosses) profiles are shown for two
days. a The 6 profile shows a continuous inversion whereas the 6, profile has multiple layers of inversions. b
Although two inversion layers are found in the 6 profile, more multilayers (four) develop in the 6, profile

contrast, with the 6 criterion, multilayers prevail as the most frequent inversion type most
parts of the year. These types of inversions are present between 30 and 60% of the days
from October to June. However, during July, August and September, which are humid and
convectively active months, multilayers are less frequent (20—30%) and continuous inversions
become the most common stable-layer type. Finally, for the 6, classification, multilayers are
the most frequent inversion type throughout the year. In this case, very few other inversion
types are identified: almost no continuous inversions are found and the simple inversions
occur in only around 10% of the days. This different behaviour between the 6 and the 6,
criteria made us question whether multiple inversion layers can actually be found in many
0, profiles in which the 6 profile does not show multilayers. A further analysis of these
cases is carried out and confirms that there are profiles in which the 8, criterion exhibits
multilayers, but the 0 criterion does not. Examples are shown in Fig. 5. The more frequent
appearance of multilayers with the 6, criterion than with that based on 0 suggests that the
humidity may significantly affect stratification. The humidity enhancement of stable layers
has already been described, such as by Naakka et al. (2018) who found this in the presumably
very different Arctic atmosphere. Although, in the particular case of our study, the 8 and 6,
analyzes are unable to elucidate the physical mechanisms that produce more stable layers
with the 6, criterion, it appears that humidity does play an important role in the ABL stability
over Mexico City.

4.2 Maximum Inversion Intensity (Tihax)

The seasonal variability of the maximum inversion intensity, as well as the mean monthly
composites of I'nax as well as its height, zmax, are presented in Fig. 6. Although the standard
deviation is found to be large because of the presence of extreme Iy« values (Mpax < 2 K
km~! and e > 14 Kkm™ 1) all year, the tendency is clear: the largest [1h,x values are found
during dry months with scarce rainfall (October to March), whereas during more rainy months
(from June to August) the mean [k values are smallest. In April, May and September,
intermediate [hax values are reached; these months may be considered as transitional.

The seasonal variability of zmax is shown in Fig. 6b, where zyax is found to be relatively
constant all year (at around 1500 m). However, April is the one month when this height
remains lower than during the rest of the year. Additionally, in May, zmax remains lower
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than the rest of the year, showing that, unlike the maximum-inversion intensity that reaches
the largest values during winter, zmax does not have this coincident behaviour with the more
anticyclonically dominated regime (Jauregui 1988). However, the fact that 7y, decreases in
April and May is further analyzed and presented in Sects. 4.3 and 4.4.

4.3 Bulk Richardson Number

The estimates of the normalized bulk Richardson number over the 20 defined levels in every
0, profile yield a three-dimensional matrix: height, month and Rig, which is presented in
Fig. 7, where we only show the mean of the analyzed years (1990-2017).

The vertical distributions of the normalized Rip values in Fig. 7 show that, in the lowest
levels, larger bulk Richardson numbers are usually found during the dry months (November
to April). These large values indicate that stable stratification dominates over shear, thus
inducing the stability conditions capable of inhibiting mixing processes. The occurrence of
this stable behaviour can be associated with months where anticyclonic weather dominates,
resulting in poor air quality. In contrast, from May to October (warm rainy months), high
values of Rip are also detected, but they are more confined to specific levels such as z = 0.9
km, rather than covering the entire vertical profile. Furthermore, regarding the lower levels
(z < 0.5 km), the smallest Rip values appear from June to October. Nevertheless, very low
Rip values are also present at higher elevations during spring, especially in April, implying
that very unstable layers, with strong shear and weak stratification, develop at higher levels
(1 km < z < 2 km) during spring. Perhaps unexpectedly, it has been shown that days with
remarkably poor air quality can be associated with the strongest vertical wind direction shear,
precisely during the spring months in Mexico City (Molina et al. 2010), which coincide with
small Rig values.

4.4 Pollutant Concentrations

Regarding the concentrations of CO, NO, NO;, PMp, PM3 5 and O3, monthly composites
are created based on the mean concentration from 0400 LT to 0800 LT at all stations available
from 1990 to 2017. Also, mean values taking into account the entire day are calculated. In
Fig. 8, a clear tendency of higher levels for all pollutants can be seen during colder months
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whereas the brighter colours infer low Rig values and therefore weak stability

with the exception of O3. This last contaminant (O3) is the product of photochemical reactions
and its higher values are precisely met during the months with greater insolation (March,
April and May). Furthermore, its highest values are reached later in the day and certainly
not from 0400 to 0800 LT, given no or very weak insolation. For the rest of the pollutants,
the larger concentration levels from November to May are evident both for the daily mean
and for the mean in the period 0400 to 0800 LT. However, it can be seen that, during April
and May, the mean concentrations from 0400 LT to 0800 LT exceed the daily mean in the
cases of CO, NO, NO, and PM3 5, which demonstrates that the poorest air quality is reached
during these early-morning hours. In addition, the pollutant concentration in April and May
becomes significantly larger than during the previous and subsequent months (March and
June).

In order to relate the concentration tendency of these pollutants with the stratification
structure of the early-morning boundary layer, we perform two analyses. We first qualita-
tively compare the monthly pollutant concentrations of Fig. 8 with the thermal-stratification
characteristics shown in Figs. 4, 6 and 7. We note that there is a consistent behaviour between
large pollutant concentrations and the frequency of thermal inversions (Fig. 4a ). In addition,
the inversion intensity (Fig. 6) is also coincidentally larger during the dry cold months in
which CO, NO, NO,, PM o and PM, 5 concentrations also rise. Since multiple stable layers
develop all year at a high frequency (Fig. 4b and c), there does not seem to be a relationship
between stable layers with the 6 and 0, criteria and the concentration of pollutants. However,
we should point out that the frequency of multiple stable layers (6 and 6, criteria) decreases
in April and May with respect to March and June; this occurs with the increase in pollutants
during these same months. Finally, zmax (Fig. 1b) decreases in April, whereas the pollutant
concentrations increase. Therefore, it seems plausible to relate large concentrations of the
pollutant with the appearance of a very stable layer at lower heights in the temperature profile.
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Fig. 8 Monthly mean values of a ozone, b PMjg, ¢ PM» 5, d CO, e NO and f NO». Results are shown for
daily means and mean values between 0400 to 0800 LT for the period 1990-2017, using all available stations
of the RAMA network (http://www.aire.cdmx.gob.mx/)

Table 2 (upper) Climatological mean values of daily averaged concentrations measured in the 0400 to 0800
LT period and (lower) differences between the composite daily mean and the concentration during each type
of inversion

cO NO NOy PMjgo PM; 5 03

(ppm) (ppb) (ppb) (ng/m?) (ng/m?) (ppb)
Climatology 1.990 45.0 272 46.6 245 11.5
No Inversion —0.027 —2.63 —0.91 —3.67 -1.82 +0.30
Simple Inversion +0.073 +4.92 +1.06 +3.18 +1.01 —-0.32
Two multilayer +0.109 +5.95 +0.98 +5.5 +3.18 —0.56

The differences between each composite sample of the inversion type and the climatological sample that are
statistically significant to the 99% confidence interval are shown in bold, according to a Welch ¢-test

A corresponding quantitative analysis is also carried out to relate the thermal inversion
types to surface concentrations of pollutants. Table 2 shows the mean pollutant composites
based on the inversion-type classification for six pollutants. A climatology of pollutant con-
centrations is made for the period 1990-2017 and the differences between each composite
sample of the inversion type and the climatological sample are shown. In this case, all the days
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with two or more inversions are included in the same composite, labelled as two-multilayer.
Pollutant concentrations for days with no inversion are found to be lower than normal for all
the pollutants, except for O3. These lower than normal values are statistically significant for
the pollutants NO, NO;, PMg, and PM3 5, which indicates improved air quality. In contrast,
days in which simple inversions appear show significant positive differences for all pollutants
except O3, which is indicative of higher than normal pollution levels.

Furthermore, days with multilayer profiles also show significantly higher than normal
pollutant levels, except for O3, and in most cases these differences are higher than the simple
inversion case. In order to compare the concentration of pollutants between different types
of inversions, we note that the positive values for all the contaminants (except for NO,) are
larger for two multilayer days than for days with simple inversions. This suggests that these
multilayers may have a stronger effect on air quality than simple inversions.

In addition, Fig. 9 shows the monthly mean pollutant concentration composites by month
at the period from 0400 LT to 0800 LT, i.e., around the morning sounding time. For PM;o and
PM, s, the monthly mean values do not show a consistent difference between inversion types
during the first months of the year. However, after June, the mean PMg and PM, 5 concen-
trations for days without an inversion are found below the levels of simple inversion days and
this behaviour continues until the end of the year. For the remaining pollutant concentrations
of interest, there is generally no clear-cut, consistent difference between inversion types.
However, there are lower than normal levels of NO; on days without an inversion during the
period from September to December than days with simple inversions.

4.5 Summary

In order to summarize the relationship between ABL structure and pollutant concentration
throughout the year, we present Table 3. The monthly variability of temperature inversions is
coincident with the two main regimes in Mexico City: the dry cold season with anticyclonic
weather bears more frequent thermal inversions, whereas during the warm rainy months,
convection is enhanced and thermal inversions become less frequent. The pollutant concen-
trations roughly coincide with this expected behaviour considering the thermal-inversion
variability: large concentrations during the dry season and lower concentrations on the rainy
warm months. Nevertheless, a peak of larger concentrations appears during April and May
for almost every contaminant. This peak becomes even larger for the pollutant concentrations
between 0400 LT and 0800 LT (dashed lines in Fig. 8) than for the daily mean (solid lines
in Fig. 8). This peak shows that the concentrations of CO, NO and NO; are higher during
these hours of the day due to the high emissions of the morning rush-hour traffic and the
minimum in MLH before sunrise, in accordance with previous reports of the daily cycle
of pollutants and the MLH (Velasco et al. 2008; De Foy et al. 2009; Retama et al. 2015;
Garcia-Franco et al. 2018; Garcia-Franco 2020). This rise in pollutant concentrations during
April and May is neither associated with a larger inversion frequency (Fig. 4a) nor with more
intense inversions (Fig. 6). Regarding the value of Rig, it can be seen that, during April and
May, there are layers (between 1 and 2 km) in which shear dominates over stratification.
These localized layers are not present during the rest of the year, so they may be related to the
peak of pollutant concentrations that occur precisely during those months. In addition, zmax
does not vary significantly the rest of the year, but has a sharp decrease in April and May
(Fig. 6). It appears that, during these months, when the frequency and strength of inversions
do not enhance the confinement of pollutants, it is the height zp.x that has an impact on
pollutant concentration. This becomes particularly evident between 0400 LT, and 0800 LT
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Fig.9 Asin Fig. 8, but also showing the monthly means of days separated into composites of days classified
as no inversion, simple inversion, multilayer (two or more) inversions according to the temperature criteria.
In all cases, the monthly means are calculated for pollutant concentrations measured only during the 0400 LT
to 0800 LT period

during April and May. These months can be considered transitional between the dry cold
season and the warm rainy one; they are warm but rain is scarce. This analysis is summarized
in Table 3, which covers the main results from Figs. 6, 7, and 8.

5 Conclusions

A long-term characterization of the ABL over Mexico City is carried out with radiosonde
data for 28 years (1990-2017) to determine the ABL stratification characteristics associated
with the poorest air quality. We focus on vertical profiles from 50 to 2900 m, and analyze
the monthly variability of mainly three variables: inversions and stable layers (T, 6, and 0,
criteria), maximum inversion intensity (I'hax), and the normalized bulk Richardson number
(RiB). To the best of our knowledge, such along-term description of the complex stratification
structure of the ABL for this region has not been reported previously in the literature.
Monthly frequencies of inversions and stable layers are compared with those frequencies
presented by Jduregui (1988). The annual cycle of the frequency of inversions classified
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through the temperature profiles is similar to the one presented by Jauregui for 1981: the
largest inversion frequencies are found from October to April (months that have scarce
rain), which roughly coincides with poor air quality episodes. This is demonstrated with
monthly composites of CO, NO, NO,, PM;g, PM3 5, and O3 concentrations considering all
the available stations in Mexico City from 1990 to 2017, which show larger concentrations
from November to May than from June to October. In addition, simple inversions are the
most frequent.

In order to relate the inversion type to the concentration of pollutants, a statistical analysis
is performed. We found significantly higher than normal contaminant levels on days with
simple and multilayer inversions. During days with those two kinds of thermal inversions, the
concentrations of CO, NO, NO,, PMjg, and PM; 5 show positive values with respect to the
climatology (1990-2017), indicating worse than normal air quality. In contrast, on days with
no inversion, lower than normal values are found for all pollutants. These findings represent
the first climatological study of inversion-layer frequency and type in the ABL over Mexico
City. Our approach and results from this long-term sounding analysis provide baseline data
and metrics for numerical models, particularly numerical weather prediction models, to asses
their realism.

When employing the potential temperature and virtual potential temperature criteria, high
frequencies of stable layers are found throughout the year, showing a slight decrease in March,
April, May, August, and September. With the 6 criterion, multiple stable layers are found on
more than 40% of the days during the cold dry months and this frequency decreased for the
summer rainy season. Moreover, for the 6, criterion, multiple stable layers develop on 50 to
80% of days, whereas simple stable layers hardly reached 10%. Although we cannot assess the
dynamical linking of multiple stable layers with the local circulation on the Valley of Mexico,
we mention that similar complex multilayer ABLs have been reported in the mountainous
terrains of other cities (Kolev et al. 2000; Henne et al. 2004; De Wekker and Kossmann
2015; Haikin et al. 2015). However, the presence of multilayer inversions is not found to be
coincident with the worst air quality periods (November to May, see Fig. 8), so it appears that
these layers are not associated with the confinement of pollutants. Further research regarding
this multilayer structure needs to be carried out in order to elucidate the effects that these
stable layers may have on the dynamical processes inside the ABL. At present, a network of
meteorological sites with sufficient density covering the complex topography of the region
does not exist to address possible mechanisms responsible for inversion behaviour. However,
local high resolution modelling could employ our results to ascertain the accuracy of their
model.

Regarding the variability of the maximum inversion intensity (I'max) throughout the year,
we find a clear tendency: I,ax reaches the largest values during the dry cold months and
the smallest values during the summer rainy season. Furthermore, intermediate values are
present during transitional months such as April and May (dry warm season). This behaviour
of Tnax is also coincident with the period that has the poorest air quality, as can be seen from
the larger pollutant concentrations from November to May in Fig. 8. This suggests that the
inversion intensity does play an important role in the confinement of pollutants. In contrast,
Zmax 18 found to remain relatively constant all year long, with the exception of during April
and May. During these transitional months, znax is found to decrease. This behaviour seems
to have a particular effect on the pollutant concentrations, because they tend to increase
precisely in April and May. Given that these larger concentrations are neither coincident
with a greater temperature-inversion frequency nor with the maximum inversion intensity
(Tmax), the lower zmax is found to have a significant effect. These findings are relevant in order
to understand the well-known effect of inversions on poor air quality episodes. This is the
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first study that separates the effect into the contributions from the inversion intensity and the
multilayer inversions over Mexico City. The investigation of the seasonality and evolution of
the quantities here (Iyax, RiB, 8, and 6, profiles) may be useful for forecasting the duration
and strength of poor air quality episodes.

Regarding the bulk Richardson number criterion, we find that the most unstable surface
layers develop during the rainy season (June to October). Although, at higher levels, stable
layers are present all year long, more layers with large Rip, and therefore with stable condi-
tions, develop in winter. However, during spring, low Rip values at elevated levels (1-2km)
are found, indicating large instability due to intense vertical shear and little stratification.

Finally, it is clear that the thermal-stratification structure, and therefore the dynamical
stability of the ABL in the Valley of Mexico, is very complex and it is able to stifle mixing
processes, which, in turn, affects air quality. Therefore, further research on this stratification
structure and its variability over the year is important for understanding both the physical
mechanisms that give rise to the complex stratification as well as the possible effects that
the topography may have on the multilayer thermal profiles. Additionally, radiosonde data
of higher vertical resolution would help in representing the small-scale variations in the bulk
Richardson number. Although radiosondes should have sufficiently high resolution (=~ 10
m), the long-term available radiosonde data considered here have coarser vertical resolution.
The present investigation may be influential to understand long-term variability of pollutant
concentrations by way of studying years with stronger or more frequent higher values of 1,x
and relating them to poor air quality years. Finally, further research may consider expanding
this city-scale stratification structures to wider mesoscale effects on air quality, for instance,
the effect of larger-scale forcing (such as cold fronts and anticyclones) on the stratification
structures in the ABL may be further investigated.
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