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HIGHLIGHTS

o Cluster analysis allowed the identification of pollution-related weather patterns.

e Dry-season high pollution in Mexico City is enhanced by mid-troposphere high pressures around 20°N.

o High pollution events are more frequent in March-May for O3 and in December—February for NO; and PM, 5
e La Nina (El Nino) favor the occurrence of patterns associated with more (less) pollution.
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In this study, weather patterns producing circulation features that result in poor air quality in the Mexico City
basin during the dry season (November-May) were examined. Cluster analysis of the 500-hPa winds for a 30-year
period (1990-2019) identifies a set of weather patterns that are then used to explore daily anomalous concen-
trations of ozone, nitrogen dioxide, and particulate matter. Above-normal levels of pollution occur under the
influence of a mid-troposphere high pressure system centered around 20°N that shifts eastward over Mexico. This
weather pattern is characterized by below-normal cloudiness, greater solar radiation, weaker surface winds, and
a stronger morning temperature inversion that persists later than normal. High pollution events associated with
this pattern occur preferentially during the dry season: March-May for O3, and December-February for NO, and
PMy 5. PM;o events occurred evenly throughout the season. At the interannual scale, the El-Nino-Southern
Oscillation is related to the frequency of pollution-related weather patterns: La—Nina (EI-Nino) years favor the
occurrence of patterns associated with more (less) pollution during the dry season. This work reveals the sea-
sonality and predictability of pollution-related atmospheric patterns in the Mexico City basin, which can be used
for air quality assessments at both seasonal and intraseasonal scales.

1. Introduction

The Mexico City Metropolitan Area (MCMA) is the most densely
populated urban region in North America, with around 22 million in-
habitants (Retama et al., 2015). Its geographic characteristics generally
prevent ventilation of polluted air, as the city occupies a dried-up lake
basin surrounded by locally higher topography. The area thus is highly
prone to poor air quality, which often result in government-imposed
environmental contingencies. Daily industrial, economic, and trans-
port activities release gases and particulate matter that worsen air
quality directly or act as precursors to secondary pollutants, such as

ozone (O3) and fine particles. Even though pollution levels have
decreased since 1990 in Mexico City, Velasco and Retama (2017) re-
ported that in recent years, 48-57% of days still exceed the World Health
Organization (WHO) 8-h running average standard of 70 ppb for Os.
Additionally, annual mean values of particulate matter exceed both
WHO and Mexican (NOM-025-SSA1-2014) standards (Fig. 1 of Gar-
cia-Franco (2020)). Outdoor air pollution is a major public health
problem (Holgate, 2017; World Health Organization, 2018), associated
with cardiovascular and respiratory diseases and cancers, among others,
and especially in large megacities under changing climates (Baklanov
et al., 2016). Thus, studies that seek to identify weather patterns that
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lead to unhealthy air pollution levels are useful.

Emissions are key to ambient pollution concentrations. However,
local meteorological conditions also play an essential role in the
occurrence of a poor air quality episode, as meteorology affects the
formation, transport, and dispersion of pollutants (de Foy et al., 2006b;
Bei et al., 2013). In turn, local meteorological conditions depend on
synoptic-scale patterns that themselves vary at different timescales:
interannual, seasonal, and intraseasonal. Fast and Zhong (1998); de Foy
et al. (2005, 2008); Barrett and Raga (2016); Barrett et al. (2019); Sil-
va-Quiroz et al. (2019) and Garcia-Franco (2020) demonstrated that
synoptic conditions significantly affect daily and seasonal evolution of
pollutants by modulating local circulation, stability, and cloud cover.
Other authors have highlighted the importance of smaller-scale meteo-
rological forcing, including surface wind circulation, on the spatial
distribution of air pollutants (Jauregui, 1988; Raga et al., 1999; Jazci-
levich et al., 2005; de Foy et al., 2006a,b; Salcido et al., 2019). All of
these studies focus on characterizing the behavior of air quality in
Mexico City according to the type of synoptic and local-scale wind
patterns. However, they tend to analyze only a few events, and none of
them use neural network algorithms such as unsupervised clustering
techniques that enable the analysis of hundreds of polluted events over
the past several decades.

Clustering is an exploratory data analysis technique used to inves-
tigate the underlying structure in datasets. It groups observations based
on their similar characteristics (Jain et al., 1999), and as such, it is
suitable for discovering and extracting information that may have been
previously unnoticed (Govender & Sivakumar, 2020). These type of
unsupervised classification techniques can highlight significant features
without user interference (Gongalves et al., 2008). One of the most
popular applications of cluster analysis in air pollution studies is the
identification of synoptic conditions and their relationship with con-
centrations of pollutants (Govender & Sivakumar, 2020). This approach
facilitates the organization and interpretation of large data volumes over
long periods. The cluster analysis approach has been successfully
applied in different regions of the world —such as the US, China and the
United Kingdom- to understand the connection between large-scale
atmospheric patterns and temporal and spatial variations in pollut-
ants: Eder et al. (1994); McGregor and Bamzelis (1995); Comrie (1996);
Chuang et al. (2008); Ngang and Byun (2011); Pearce et al. (2011); Hsu
and Cheng (2016); Stauffer et al. (2016); Zhan et al. (2019); Hsu and
Cheng (2019); Kotsakis et al. (2019).

This study employs a cluster analysis technique called Self-
Organizing Maps to classify and analyze the synoptic-scale circulation
patterns that have historically affected air pollution in the MCMA. Using
this unsupervised algorithm, we aim to provide a clearer understanding
of air quality-related atmospheric patterns that are recurrent during the
dry season in Mexico. This work also analyzes the intraseasonal
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evolution of air pollution events, which has implications for sub-
seasonal forecasts of dangerous air quality episodes. Additionally, the
study explores the interannual variability of air quality through the
connection between weather patterns and different climate modes.

2. Data and methods
2.1. Area and period of interest

The Mexico City Metropolitan Area is located in a basin at around
2300 m above sea level, surrounded by mountains up to more than 4500
m (Fig. 1 a). Fig. 1 b shows the annual average temperature and rainfall
at the basin. The rainy or wet season spans from May to October. The
rainfall amount peaks between June and September, with values much
higher than at the beginning (May) or the end (October) of the season.
For the rest of the year, low rainfall is observed at the basin. The mean
temperature shows a marked annual cycle, with a maximum during
April and May and a minimum from November to February.

High pollution events in the MCMA are most frequent during the dry
season (Retama et al., 2015; Barrett and Raga, 2016; Silva-Quiroz et al.,
2019). Then, this work focus on the months ranging from November to
May —the time of the year with less rainfall-, for the period 1990-2019.
The November-May season, from here on the “dry season”, is further
divided into two sub-seasons: the dry-cold (November to February) and
the dry-warm (March to May), which are the most used classifications
for air quality studies in central Mexico. During the dry-warm season the
highest concentrations of pollutants occur in the MCMA, with environ-
mental contingencies that force the local government to restrict vehic-
ular circulation and other everyday activities.

2.2. Identification of the weather patterns

A cluster analysis is applied to determine which weather patterns
(WPs) are related to the highest and lowest daily concentrations of
pollutants in the Mexico City Metropolitan Area during a 30-year period.
Cluster analysis allows the objective classification of several input var-
iables, whose output is a set of groups that minimize variance within
each group and maximize variance between them (Hsu and Cheng,
2019). Although several methods exists for cluster analysis, we employ a
neural network technique called Self-Organizing Maps (SOM) (Kohonen,
1982, 2001), which has been widely applied in meteorology in the
tropics and extratropics (Liu and Weisberg, 2011) as well as in synoptic
climatology (Sheridan and Lee, 2011; Henderson et al., 2017; Dia-
z-Esteban and Raga, 2018). A detailed description of the SOM method
can be found in many papers, such as in Vesanto and Alhoniemi (2000)
and Elghazel and Benabdeslem (2014). The number of clusters (N), in
this study representing the synoptic or weather patterns, is determined
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Fig. 1. a) Topography of the Mexico City Metropolitan Area with state boundaries in contours. The location of Merced station is indicated as a red dot. b) Mean
annual cycle of precipitation and temperature for the period 1977-2016. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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by computing the Davies-Bouldin index (Davies and Bouldin, 1979),
which is a measure of the quality of the clustering depending on the
characteristics of the dataset. A lower value of the index will mean that
the within-cluster scatter is lower than the cluster separation, therefore
indicating a good clustering. As showed in Figure SM1 of Supplementary
Material, the best choice is N = 7 clusters, so we selected a total of seven
nodes for the analysis. Also, a review of the literature on this subject
reveals that around five to seven clusters can be sufficient to describe the
main atmospheric features related to air pollution in cities.

An area centered over central Mexico (12-32°N; 120-85°W) was
selected for the cluster analysis. This area covers Mexico and its adjacent
seas: the Gulf of Mexico, the Tropical Eastern Pacific, and a portion of
the Caribbean Sea. The selection of that area allows to account for
synoptic-scale systems that affect Mexico City on scales from a few
hundred to several thousand kilometers.

Daily values are introduced to the SOM algorithm to obtain the
patterns. Days from 1 November of a given year to 31 May of the next are
taken, for a 30-year period, resulting in a total of 6367 daily values (212
days x 30 years, plus 29 February from seven leap years in the period
1990-2019). Some preprocessing is required to this daily values before
applying the SOM algorithm. First, standardized anomalies are
computed by subtracting the corresponding long-term mean to daily
values and dividing by their standard deviation. For example, for 1
November 1990, the standardized anomaly is the value of that day
minus the mean value for all 1 November on the study period, divided by
the standard deviation of all 1 November. Additionally, anomalies are
weighted by the cosine of latitude to account for the dependence of the
grid-point density on latitude.

Once the cluster analysis is complete, the SOM algorithm generates a
non-linear classification of the daily dataset and separates each day into
seven categories or weather patterns. Then, composite anomaly maps of
atmospheric variables are constructed to characterize the patterns.

2.3. Data

Data from several different sources are analyzed in this study. The
government air quality network, Red Automadtica de Monitoreo
Atmosférico (Automated Atmospheric Monitoring Network, RAMA),
measures all criteria pollutants in MCMA since 1986 (although only a
few stations have records dating back to 1986). We selected only one
station from RAMA (Fig. 1 a) —which contains the longest and most
complete record— because the behavior of pollutants for nearby stations
under the same large-scale atmospheric circulation pattern does not
differ significantly, as showed by Barrett et al. (2019) and in Supple-
mentary Material (Figures SM2 to SM5). We obtain RAMA hourly
measurements of a number of pollutants: O3, NOy, and particulate
matter smaller that 2.5 pm(PMj 5) and 10 pm(PM;). The RAMA dataset
also provides hourly surface meteorological observations of tempera-
ture, relative humidity, surface pressure, wind speed, and wind direc-
tion. All variables (pollutants measurements and meteorological
observations) are available for the entire study period (1990-2019),
except for PM; that covers 1995-2019, and PM; 5 that are available for
2003-20109.

We also analyzed characteristics of the morning temperature inver-
sion in the MCMA: the inversion thickness, the near-surface temperature
required to overcome the inversion, and the time of the day when this
occurs, in hours. The inversion thickness is measured as the difference,
in meters, between the bottom and top layers that comprise the tem-
perature inversion, and indicates its strength. A stronger inversion will
require a warmer near-surface temperature to erode it, and it will take
longer, thus delaying inversion erosion. Thus, these three metrics are
indicative of the intensity of the morning temperature inversion. Daily
values of these inversion metrics were obtained from the Direccién de
Monitoreo de Calidad del Aire (Air Quality Monitoring Directorate) of
Secretaria de Medio Ambiente (Environment Secretariat) of the Mexico
City government. They estimate these metrics daily from the morning

Atmospheric Environment 274 (2022) 118976

(12:00 UTC, 06:00 Local Time) radiosonde launch in the city.

Daily u and v wind components at 500 hPa from the ERAS5 reanalysis
(Hersbach et al., 2018) at 1°-horizontal resolution are the input to the
clustering algorithm. Previous research has shown that the wind field
can be useful to explain the behavior of high pollution events, since it
can modulate the dispersion or the stagnation of pollutants. The 500-hPa
pressure level was chosen to account for the circulation at a synoptic
scale while excluding the influence of the topography of the study re-
gion. (Note that in central Mexico, the terrain height exceeds 5000 m in
some locations; Fig. 1). The weather patterns were created using the
500-hPa circulation at 18:00 UTC (12:00 Local Time), but the results did
not change when using the 500-hPa circulation at 12:00 UTC (06:00
Local Time) (not shown). Finally, for each weather pattern, we created
daily composite maps of 500- and 700-hPa geopotential height, surface
net shortwave radiation, surface temperature, total cloud cover, and
wind at different heights, all from the ERA5 two-dimensional fields.

Composite diurnal cycles of hourly observations for each WP are also
produced making use of the RAMA measurements. To obtain these
composites, each day in the 1990-2019 period is classified into one of
the seven WPs. Then daily time-series (24-h observations) of all days
falling in the same category or WP are averaged. Finally, the long-term
seasonal mean for the study period is subtracted from the daily mean
values for each WP to obtain an anomaly.

Several climate indices that capture atmospheric and oceanic vari-
ability on the interannual timescale were used to examine their modu-
lation of the synoptic patterns. Those indices are the Multivariate
El-Nino-Southern Oscillation Index version 2 (MEIv2), the North
Atlantic Oscillation (NAO), the Western Hemisphere Warm Pool
(WHWP), and the Caribbean Warm Pool (CWP). WHWP and CWP
indices are defined as the monthly anomaly of the area enclosed by the
28.5 °C sea surface temperature isotherm during the late summer in the
Atlantic — Eastern North Pacific, and the Caribbean, respectively. The
indices for MEIv2, NAO, and WHWP are obtained from https://psl.noaa.
gov/data/climateindices/list/, and the CWP index is computed manu-
ally with data from OISSTv2 (Reynolds et al., 2002).

3. Results and discussion
3.1. Characterization of the weather patterns

The seven weather patterns reveal important circulation features on
the synoptic scale. Each weather pattern is associated with a distinctive
feature in geopotential height at 500 hPa. Table 1 summarizes for each
WP the relative frequency, the total number of days, the two most
common months, the mean persistence (before transitioning to another
pattern), and the hourly average concentrations of O3, NO2, PMj5 5, and
PM;. Hourly averages of pollutants are obtained computing the mean
value across all hourly measurements (0-23 h) for all days corre-
sponding to the same WP.

WP1 is the most common pattern and the one with the longest
persistence, while the other six have similar frequencies and duration.
The frequencies of the patterns are unevenly distributed around the dry
season, with WP1, WP3, WP4, and WP7 being more likely to occur
during the dry-cold season and WP2, WP6, and WP5 during the dry-
warm season, although in WP5 there is almost no difference in fre-
quency between the two seasons (Fig. 2). Thus, there is evidence of
intraseasonal variability in which pattern is favored during the dry
season.

Fig. 3 shows composite maps of geopotential height and wind at 500
hPa for each WP. Similar composites for 700 hPa are shown in Figure
SM6 of Supplementary Material. The clustering analysis revealed the
dominant weather patterns in the study region for the dry season. WP1
features a mid-troposphere ridge centered in the Eastern Tropical Pacific
(around 18°N and 108°W) with a closed anticyclonic circulation. It also
shows large positive anomalies (80 m) in geopotential height over
northern Mexico and southwestern US. WP2 and WP3 have similar ridge
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Table 1
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Relative frequency of occurrence, number of days, first and second month of highest occurrence and hourly mean O3, NO,, PM; 5, and PM; for each weather pattern.

Weather Relative Frequency Number of 1st/2 nd month of highest Mean persistence Hourly mean concentration
0,

Pattern (%) days occurrence (days) 05 NO, PMy s (ug/ PMyo (ug/
(ppb) (ppm) m®) m®)

WP1 17.9 1137 Dec/Mar 3.33 31.9 42.1 30.8 68.2

WP2 141 897 May/Apr 2.82 35.1 43.0 32.9 71.9

WP3 13.6 868 Feb/Dec 3.18 38.3 46.2 34.1 73.6

WP4 12.7 807 Nov/Dec 2.70 34.9 45.0 32.0 67.9

WP5 13.2 839 Apr/Jan 2.78 30.3 41.2 27.6 63.5

WP6 13.9 886 May/Apr 2.74 31.5 41.9 28.2 64.4

WP7 14.7 933 Mar/Jan 3.12 29.9 40.7 28.5 62.1

L~
N A O ® O

Relative frequency (%)
=
o

WP1 WP2 WP3 Wr4 WP5 WP6 WP7

Fig. 2. Relative seasonal frequencies of each weather pattern. For each of the
two seasons, the frequencies add up to 100%.

patterns located farther east; the center of the high pressure in WP2 is
located over central Mexico, around 18°N and 100°W, while in WP3, it is
located in the southern Gulf of Mexico around 18°N and 93°W. More-
over, a dipole pattern of geopotential height anomalies is evident in WP3
north of 23°N, with negative anomalies at northwestern Mexico and
positive ones at eastern Mexico. WP4 presents a strong latitudinal
pressure gradient, also evident in the wind pattern, with intense speeds
near 20 m/s. Broad positive geopotential height anomalies are located
equatorwards of 20°N in WP1, WP2, WP3, and WP4, but the largest
anomalies are found farther north, closer to the subtropics. WP5 and
WP6 exhibit negative geopotential height anomalies over all the region
of interest, reaching —80 m in northern Mexico in WP5, associated with
a mid-latitude trough affecting most of Mexico and adjacent seas, with
strong winds and cold air advection from mid-latitudes to the tropics.
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These mid-latitude troughs at 500 hPa are related to extratropical cy-
clones and surface cold fronts affecting Mexico. The trough axis in WP5
extends over northwestern Mexico and the southwestern US; in WP6 the
trough axis is located slightly to the east over north-eastern Mexico. WP7
also presents negative geopotential height anomalies over much of the
area, with an incipient dipole pattern north of 20°N. The trough axis in
WP7 extends from southern Texas and Louisiana to the Bay of Campeche
in southern Mexico.

The synoptic patterns obtained are typical of wintertime in the study
region, when the subtropical jet stream plays an important role in syn-
optic conditions, allowing mid-latitude waves —with their troughs and
ridges— to transit from west to east over Mexico, the US, and Canada
(Sheppard et al., 2002).

Anomaly composites of net surface shortwave radiation and 700-hPa
temperature for the seven weather patterns identified in the SOM
analysis are shown in Fig. 4. Above-average solar radiation is seen over
central Mexico in WP1-WP4, with anomalies up to 50 W m~2, consistent
with positive 700-hPa temperature anomalies. Conversely, below-
average radiation is observed during WP5-WP7 over most of Mexico,
associated with below-average 700-hPa temperatures, with anomalies as
low as —2 °C. In WP1 and WP5, both positive and negative temperature
anomalies coexist over central Mexico. Notice that the broad band of
positive radiation anomalies is located further southeast in WP4 than in
WP3, WP2, and WP1. Likewise, the area with large negative anomalies is
farther southeast in WP7 compared to WP6 and WP5. The geographic
progression in features from one WP to the next is in line with typical
eastward movement of those features during the dry season. This sug-
gests a possible progression in the atmosphere from one WP to the next
that would affect local weather as well as air quality in the MCMA.

More details of the local meteorological characteristics of the WPs in
the study domain are provided by the composite diurnal cycles of

w

=)
N w
u =}

N
=)

Latitude (°N)
Latitude (°N)

=
u

-100 - - -110 -100
Longitude (°E) Longitude (°E)

-110 -100
Longitude (°E)

Fig. 3. Composites of mean 500-hPa geopotential height (contours, in m), their anomalies (shading, in m) and mean 500-hPa wind (vectors, in m/s), for each
weather pattern. Box in WP1 defines the area where further and more detailed analysis is focused.
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Fig. 4. Anomaly composites of surface net shortwave radiation (shading, in W m~2) and near surface temperature (contours, in °C) for each weather pattern. Solid
(dashed) contours indicate positive (negative) anomalies and the zero contour is highlighted in bold.

surface temperature, relative humidity, atmospheric pressure, and wind
measured at the RAMA station (Fig. 5). The composites are presented in
terms of anomalies, to highlight the relevant behavior of the WPs.
WP1 is the most frequent pattern identified by the clustering tech-
nique (occurring on 1137 days) and is also the most persistent (3.33 days
long). Thus, when this pattern occurs, it is likely to remain for several
days. WP1 is more frequent during the dry-cold season, particularly in
December, although it also occurs in March during the dry-warm season.
This WP is associated with anomalously cold temperatures and below-
average relative humidity. Although temperatures rise during the
course of the day, they are still colder than average (Fig. 5 a). WP1 also
evidences above-average surface pressure, below-average wind speed,
and northeasterly surface (10-m) winds. WP1 features a mid-

Relative humidity

troposphere ridge with a closed anticyclonic circulation in the eastern
tropical Pacific, which is shifted eastward at 700 hPa and is, thus,
located over central Mexico (Figure SM6 of Supplementary Material).
WP2 and WP3 behave similarly to each other, exhibiting anoma-
lously warm and dry air, with a slight increase in atmospheric pressure
and relatively weak surface wind speeds, particularly in WP3 (Fig. 5).
Northeasterly flow prevails over the MCMA (negative u and v), as a
result of a clockwise circulation around a mid-tropospheric high pres-
sure system centered in central Mexico in WP2, a feature that is slightly
displaced to the east over the Bay of Campeche in WP3 (Fig. 3). The high
pressure system extends to the lower levels of the troposphere, and an
anticyclone with a corresponding clockwise flow is also present at 700
hPa (Figure SM6 of Supplementary Material). Subsidence associated
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with these anticyclones suppresses convection, leading to increases in
insolation and temperature, as observed in Fig. 4.

WP4 is more frequent during the dry-cold months, particularly in
November, corresponding to the beginning of the dry season and
possibly representing a transition from the wet to the dry season. This
suggests that WP4 is associated with a weak and decreasing influence of
the westward extension of the North Atlantic Subtropical High (NASH),
which dominates over the Gulf of Mexico and the Caribbean in boreal
summer (Romero-Centeno et al., 2007; Curtis and Gamble, 2008; Dia-
z-Esteban and Raga, 2018; Perdigon-Morales et al., 2018). In fact, in
composite maps at 500 and 700 hPa (Fig. 3 and SM6, respectively), the
weak NASH return circulation can be seen over the southeastern Gulf of
Mexico, in conjunction with a more intense subtropical flow in the
northwestern part of the domain. This highlights the coexistence of
synoptic systems of two different seasons in this “transition” regime. The
anomaly pattern of surface net solar radiation (Fig. 4) supports the
coexistence of both the return circulation and the intense subtropical
flow, with a very pronounced boundary between positive and negative
anomalies located across central Mexico. As a consequence, there is no
particularly distinctive behavior in the anomalies of relative humidity
and surface wind speed in this WP (Fig. 5).

WP5-WP7 tend to behave similarly, with higher relative humidity,
lower surface pressure, faster wind speeds, and more westerly (positive
u) and southerly (positive v) winds (though the latter is less evident in
WP7) (Fig. 5). This behavior indicates the influence of the mid-latitude
trough around 25-30°N (Fig. 3), and thus in these WPs, the MCMA is
affected by easterly to southwesterly mid-tropospheric flow. This flow is
more evident in WP5 and WP6, where the trough axis is over western
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and northern-central Mexico, respectively, and less evident in WP7
because the trough axis is already positioned to the east, over southern
Texas and northern Gulf of Mexico. This southward intrusion of the mid-
latitude trough is also responsible for the increase in the pressure
gradient at low levels, which explains the strong surface wind speed
observed in those WPs, particularly in WP5 and WP6. The synoptic
patterns observed in WP5-WP7 are associated with a decrease in at-
mospheric pressure, anomalous low temperatures, and an increase in
humidity and wind speeds.

3.2. Diurnal cycle of air pollutants for the WPs

This section explores the relationship between air pollution and the
synoptic patterns described above. Fig. 6 shows the diurnal cycle of
anomalies of air pollutants under each WP, computed is the same way as
those shown in Fig. 5. We expect that pollution anomalies would behave
distinctly under different weather patterns, given the ability of the SOM
algorithm to distinguish between atmospheric regimes. Indeed, pollut-
ants evolve similarly, with negative anomalies under WP5-WP7 and
positive anomalies under WP1-WP4.

Tropospheric ozone is a secondary pollutant produced by photo-
chemical processes acting on anthropogenic emissions (Barrett and
Raga, 2016). Thus, high values of both precursor gases and solar radi-
ation are needed for ozone production. Maximum daily ozone (Fig. 6 a)
is observed around 14:00 Local Time (LT) (Figure SM7 of the Supple-
mentary Material). Anomalously high O3 concentrations are associated
with WP2 and WP3, with values up to 17 ppb for WP3, being the most
extreme values in the period studied. Anomaly composites of total cloud
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Fig. 6. Diurnal cycles of pollutants in the Mexico City Metropolitan Area, in terms of anomalies with respect to the long term seasonal average, for each

weather pattern.
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cover for the MCMA (Fig. 7) reveal that WP2 and WP3 have
below-normal cloudiness —and thus, above-normal radiation— as a
result of subsidence associated with high pressure centers inhibiting
vertical motion. On the other hand, WP5, WP6, and WP7 feature
negative Oz anomalies, with the most negative values associated with
WP5 (~ —14 ppb). These WPs result in more cloudiness over the MCMA
(Fig. 7), as a result of the large-scale ascent associated with a
synoptic-scale trough. Interestingly, WP4 is associated with
above-normal Os concentrations despite having higher-than-average
cloud cover (Fig. 7). Also, the anomalous O3 peak in WP4 occurs
earlier (~ 12:00 LT) when compared with the peaks in WP2 and WP3 (~
16:00 LT), suggesting that the processes that are responsible for this
anomaly differ from those in WP2 and WP3. One possible explanation
for this O3 peak at around 12:00 LT could be the accumulation of pre-
cursors and of Os itself during the previous night and early morning, due
to a very strong residual layer and anomalously weak winds during the
early morning, as shown in Fig. 5 d. This may induce the stagnation of O3
and precursors, which can explain the maximum earlier in the day.
NO; is a primary anthropogenic pollutant and its major emission
sources are combustion processes including power generation, heating,
and engines in vehicles and ships (World Health Organization, 2018). Its
diurnal maximum tends to occur between ~ 10:00 and 12:00 LT (Figure
SM7 of the Supplementary Material), before the planetary boundary
layer depth increases and turbulent circulations vertically disperse the
emissions (Burgos-Cuevas et al., 2021). WP3 and WP4 show the largest
NO; positive anomalies (Fig. 6 b) occurring between 10:00 and 11:00
LT, with values up to 12 ppb, while WP5, WP6, and WP7 are associated
with negative anomalies (between 10:00 and 12:00 LT). Meteorological
factors such as wind speed, wind direction, and subsidence, directly
influence NO, ambient concentrations, and WP3 and WP4 have
below-average wind speeds throughout the diurnal cycle, particularly
WP3, which has the smallest negative anomalies. Composites of surface
wind field (Fig. 8) show a west-east oriented surface confluence line in
WP1 - WP4, particularly evident in WP3. The confluence line is seen in
the central and northern part of Mexico City in WP3 and WP4, respec-
tively, and is also observed in WP1 and WP2 but located further south.
Confluence lines have been documented by Jazcilevich et al. (2005), de
Foy et al. (2006a) and de Foy et al. (2008) as a mechanism for the
accumulation of pollutants in Mexico City. As those authors showed, the
maximum pollutant mixing ratios tend to follow confluence lines. Winds
in WP5-WP7 are anomalously strong from 9:00 to 18:00 LT, and are
transporting particles and gases away from the area, explaining the
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lower NO5 values. Finally, WP1 and WP2 do not feature consistent
diurnal cycles, with NO, anomalies ranging between —3 and 4 ppb,
suggesting a small deviation from the mean diurnal values.

Particulate matter has a diversity of sources, including fossil fuels
burning, natural sources, chemical reactions in the atmosphere. Thus, it
tends to be a complex mixture of solid and liquid particles of organic and
inorganic substances suspended in the air (World Health Organization,
2018). High concentrations of fine particulate matter result from a
combination of primary and secondary contributions (Vega et al., 2002),
and they can be impacted by factors such as wind velocity and direction,
turbulent fluxes, mixing, and boundary layer height (Donateo et al.,
2012; Liu et al., 2019). The diurnal cycle of the PMj 5 (Fig. 6 ¢) show the
opposite behavior of the polluted (WP1-WP4) and clean (WP5-WP7)
circulation patterns. Since the diurnal peak in PM5 5 occurs at ~ 11:00
LT (Figure SM7 of the Supplementary Material), it is expected that peak
anomalies would occur around that time as well, with values between 5
and 8 ug/m> for WP2 and WP3 (Fig. 6 c). The polluted patterns
(WP1-WP4) have nearly calm winds at the surface, indicating that
mid-troposphere high-pressure regimes are more conducive to poor air
quality, and particularly so when the mid-level high has a defined closed
circulation located over south-central and south-eastern Mexico (WP2
and WP3, respectively). Anticyclones resembling these patterns tend to
be associated with low wind speeds and well-defined surface confluence
lines over southern and central Mexico City that act to concentrate the
pollution in those parts of the city. In contrast, the clean WPs
(WP5-WP?7) have higher wind speeds with a more southerly component
compared to other WPs (Fig. 5 d, f). This indicates that mid-latitude
troughing can favor low values of PMy 5 due to a decrease in atmo-
spheric pressure, an increase in relative humidity, and advection of
momentum, all of which enhance vertical mixing in the lower levels of
the troposphere and favor both dispersion and the formation of clouds
(Fig. 7).

The most polluted patterns for PM;q are also WP2 and WP3, pre-
senting two daily maxima at ~ 11:00 and 19:00 LT with anomalies up to
14 ug/m® (Fig. 6 d). WP1 also features large positive anomalies of PMj,
up to 13 ug/m°, but with only one daily peak at 20:00 LT. PMyq is
(mostly) a primary pollutant emitted from anthropogenic activities,
mainly vehicular traffic and fossil fuel burning (Lenschow et al., 2001;
Salvador et al., 2004; Chow et al., 2002; Morton-Bermea et al., 2021),
thus it has two peaks, coinciding approximately with the peak traffic
hours (Figure SM7 of the Supplementary Material). The mechanisms
that induce high concentrations of PM; are similar to those of PM s,
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Fig. 8. Composites of mean 10-m wind (shading and vectors, in m/s) over the MCMA, for each weather pattern. Black marker in WP1 indicates the location of

Merced station.

although with a lesser dependency on the accumulation of precursors
and a larger reliance on immediate and local emissions. Two main
causes can explain the high PM; anomalies in those polluted WPs: first,
low wind speeds that favor poor dispersion, and second, convergence
along the well defined confluence line (Fig. 8) that favors pollutant
accumulation along its axis. Mechanisms responsible for good air quality
and low PM; concentrations in WP5-WP7 are related to mid-latitude
troughing, as explained for PMj s.

3.3. Impact of boundary layer processes on pollutants

Recent research has documented the importance of boundary layer
processes in the concentration of pollutants and government-imposed
environmental restrictions in Mexico City (Barrett et al., 2019; Pozo
et al., 2019; Burgos-Cuevas et al., 2021). To characterize the boundary
layer in the MCMA, we explore the boundary layer height (BLH) in the
morning hours and the strength of the temperature inversion. In general,
a stronger thermal inversion is a measure of a shallower boundary layer,
which can increase the concentration of particles and gases near the
surface. Also, Barrett et al. (2019) note that a deep boundary layer re-
sults in vertical mixing between contaminated near-surface air and un-
polluted higher-layer air, causing a reduction of Os concentrations
(when the air above the boundary layer is not itself polluted). The
average BLH at 12:00 UTC (06:00 LT), the average thickness of the
inversion, and the temperature at which the inversion erodes (T) for
every weather pattern are plotted in Fig. 9.

During the early morning, the boundary layer over the MCMA is
shallow due to the cool surface temperatures and radiational cooling
during the night, especially in winter. It reaches a minimum height at
roughly 07:00 LT. WP3 and WP4 exhibit the lowest values of BLH in the
early morning (Fig. 9 a), leading to less mixing and more stagnant
conditions during those weather patterns. For WP3, the temperature
required to overcome the inversion is above 16 °C, which is the highest
temperature among all the WPs (Fig. 9 b). WP3 also has the largest
average inversion thickness (greater than 310 m), followed by WP2 and
WP1. The thicker the thermal inversion, the harder it is for vertical
parcel motions to extend beyond the boundary layer because more
warming and turbulence is required near the surface. In fact, the
inversion tends to be eroded later in WP3 (10:00 LT) when compared
with the rest of the WPs (Fig. 10), which indicates that during WP3, the
inversion lasts longer and polluted air remains trapped near the surface
for longer hours. Note also that WP3 has the greatest frequencies for
inversion erosion at hours as late as 12:00 and 13:00 LT (Fig. 10),
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Fig. 9. a) Average boundary layer height and b) average inversion thickness
and temperature at which the inversion erodes at the MCMA for each
weather pattern.

indicating that when this pattern is present, the inversion will remain
longer than in an average day.

In summary, the strong inversion and shallow boundary layer during
the morning in WP3 favor the large accumulations of pollutants,
resulting in the positive anomalies observed in Fig. 6, for both primarily
and secondary pollutants (and note that WP3 shows the largest anom-
alies among all WPs in Fig. 6).

For the clean WPs (WP5-WP?7), the inversion is weaker than average,
particularly in WP6 and WP7 (Fig. 9 b), with a thickness of ~ 260 m and
a T of ~ 14 °C (for WP7). This weaker inversion allows parcels to reach
their lifting condensation levels quicker, promoting the development of
clouds as the day goes by, as evidenced in Fig. 7. Probability densities of
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Fig. 10. Histograms for the hour at which temperature inversion erodes at the MCMA for each weather pattern.

the time when the temperature inversion erodes (Fig. 10) show that the
most likely time to erode the temperature inversion during clean WPs is
09:00 LT. The early removal of the inversion enhances vertical mixing of
clean air into the boundary layer and the dispersion of polluted air in the
free atmosphere, a process that improve air quality during the day.

3.4. Intraseasonal and interannual variability of high pollution events

This section uses the derived weather patterns to explore air quality
variability at intraseasonal and interannual timescales. A high pollution
event (HPE) is defined as a day when the concentration of pollutants
exceed the World Health Organization air quality guideline values
(Table 2).

Fig. 11 shows the fraction of HPEs associated with each WP. To
compute this quantity, we calculate the number of HPEs occurring under
each WP and divide it by the total number of days in which each pattern
occurs in the period 1990-2019. The fraction of HPEs is expressed as a
percentage. The occurrence of HPEs varies as a function of pollutants
and among regimes. Some weather patterns tend to produce more highly
contaminated days than others, generally consistent across all pollut-
ants. WP2-WP4 produce more HPEs within the study period, with WP3
being the most polluted pattern. In contrast, good air quality is associ-
ated with WP5-WP7, with WP5 being the cleanest for O3 and PM3 5, and
WP7 the cleanest for PM;o and NOs.

The seasonal evolution of HPEs for each WP is shown in Fig. 12.
These graphics show two results: which WPs are associated with a larger
number of HPEs, and the months in which those events are most
frequent. This analysis provides insight of what to expect during the dry
season and which patterns cause poor air quality, depending on the
pollutant and time within the season. As expected from Fig. 11, WP3 is

Table 2
World Health Organization air quality guideline values.

Pollutant Values Averaging period
03 100 ug/m* (50 ppb) 8-h

NO, 200 pg/m® (100 ppb) 1-h

PMzs 25 ug/m> 24-h

PM;o 50 ug/m> 24-h

80 -

~
o
1

Fraction of days (%)
w ()]
=} =]

40 A

T T T T T T T
WP1 WP2 WP3 WP4 WP5 WP6 WP7
Fig. 11. Fraction of days where the concentration of pollutants exceeded the

World Health Organization air quality guideline values, for each
weather pattern.

the most polluted for all the contaminants. However, the number of
HPEs varies throughout the season. For O3 (Fig. 12 a), all WPs cause
more events during March, April, and May, i.e. the dry-warm months,
but WP2 and WP3 are associated with a larger number of events starting
in February, where almost 90% of WP days are ozone HPEs. Conversely,
for NOy (Fig. 12 b), most HPEs occur in December, January, and
February, i.e. the dry-cold months, with the largest number of HPEs
(between 35 and 45%) occurring with WP2 and WP3. During the dry-
warm months, the WPs do not tend to be associated with HPEs for
NO,. This indicates that although WP2 and WP3 are the most polluted
patterns, they produce even worse air quality for NO, during dry-cold
months, i.e., at the beginning of the dry season. Similar behavior is
seen for PMj 5 (Fig. 12 c¢): WP2 and WP3 tend to produce more than 70%
of the HPEs from December to February, while WP5-WP7 produce a
small number of HPEs during all the season, particularly in February and
March. For PM;q (Fig. 12 d), polluted weather patterns (WP1-WP4) tend
to be associated with a large number of HPEs throughout all the dry
season, and note that between 70 and 90% of days in those WPs are
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Fig. 12. Seasonal occurrence of high pollution events: fraction of polluted event days for every month and weather pattern.

HPEs. Therefore, the high concentrations of PM;jq associated with
WP1-WP4 are roughly equally distributed throughout the season.

The interannual variability of the synoptic patterns is examined
through their relationship with low-frequency modes of variability that
affect Mexico and adjacent areas on interannual timescales. Insight on
such variability is important to evaluate potential skill in the predict-
ability of the patterns and to anticipate possible government-imposed
restrictions in the MCMA in response to bad air quality episodes. To
explore this issue, we compute the seasonal frequencies of each synoptic
pattern by adding up their monthly frequencies in a given season. For
example, the frequency of a pattern in the 1990-1991 dry season is the
sum of its frequencies in December and November of 1990 and its fre-
quencies in January-May of 1991. The Pearson correlation coefficient
between the WP-seasonal frequencies and several climate indices is then
computed. This analysis was also performed considering separately the
dry-cold season (November to February) and the dry-warm season
(March to May), in order to evaluate whether the results for the entire
dry season differ from those for any of the sub-seasons. Results are
shown in Figure SM8 of Supplementary Material, and in general, no
relevant differences are observed. The main details that follow apply to
both the dry-warm and dry-cold seasons.

Fig. 13 shows the correlations between WP-seasonal frequencies and
climate indices. Note the opposite behavior of the correlation curves of
MEIv2 (blue) and CWP (green), which is not surprising because of the
opposing remote influence of the El-Nino-Southern Oscillation (ENSO)
and Caribbean sea surface temperatures on climate variability in
southern and central Mexico (Diaz-Esteban and Raga, 2018; Rodri-
guez-Vera et al., 2019).

Polluted regimes (WP1-WP3) are negatively correlated with MEIv2,
reaching a correlation coefficient up to —0.8 for WP1 (Fig. 13), indi-
cating an increase in the frequency of those circulation patterns with a
cold ENSO event, i.e. La—Nina (LN). Since values of November—De-
cember MEIv2 are used in this analysis, this result suggests that a mature
phase of LN is associated with a larger occurrence of polluted regimes
that cause more HPEs throughout the dry season. Previous work has
found that LN events produce lower-than-average winter precipitation
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Fig. 13. Pearson product-moment correlation coefficient between various
climate indices and the frequency of each WP, over the period 1990-2019.
Filled markers indicate correlations significantly different from zero at the
95% level.

in northern and central Mexico (Magana et al., 2003; Bravo-Cabrera
etal., 2017; Bravo Cabrera et al., 2018). This supports our result that LN
years favor a higher frequency of WPs that inhibit cloudiness and pre-
cipitation and cause poor air quality in the MCMA. Conversely, clean
regimes (WP5-WP7) show significant positive correlations with MEIv2,
suggesting that a mature warm ENSO or El-Nino (EN) event in
November-December will favor the higher occurrence of clean regimes
during the dry season, and therefore of less HPEs. During EN years, the
mid-latitude jet stream interacts with a quasi-stationary Rossby wave
known as Pacific-North American (PNA) pattern, causing a southward
shift —and an increase in intensity— of the subtropical jet (Magana and
Quintanar, 1997). The anomalously intense jet stream is a track through
which subtropical systems such as mid-latitude cyclones and cold fronts
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can propagate southwards more frequently over northern Mexico
(Magana et al., 2003), causing an anomalously rainy and cold winter
with greater ventilation in northern and central Mexico. This explains
the positive relationship between EN events and WPs that are associated
with good air quality in the MCMA.

The CWP index is computed for the late summer, particularly for the
months of August-September preceding the dry season in a given year.
They are chosen because the spatial extent of the CWP peaks in those
months, and then gradually decreases. Fig. 13 shows the relationship
with the seasonal frequencies of the WPs. WP1 and WP2 are positively
correlated with the CWP index, i.e. an enhanced warm pool during the
late summer is associated with increased frequencies of polluted pat-
terns during the following boreal winter. As previously mentioned, a
feedback mechanism between ENSO and the CWP is evident at inter-
annual timescales. The intense anomalous convection in the tropical
eastern Pacific during a developing warm ENSO event is connected with
an enhanced subsidence in the Atlantic and the Caribbean, which leads
to a further intensification of the surface trade winds and the Caribbean
Low Level Jet. Therefore, during the development stage of an El Nifio
event —late summer and autumn- the sea surface temperatures in the
Caribbean are anomalously cold. This supports our result that the WPs
negatively correlated with MEIv2 in November-December are also
positively correlated with the CWP index in the preceding summer
months. The relationship between CWP and clean WPs is less robust,
since only the correlations with WP5 are statistically significant at the
95% level (Fig. 13).

The NAO index only shows statistically significant relationship with
the frequency of WP3 (Fig. 13), exhibiting a linear positive correlation of
0.56. Likewise, the WHWP index only has a significant negative corre-
lation with the frequency of WP4 (—0.38). Thus there is no robust
connection between either NAO or WHWP and the frequencies of WPs.
However, it is notable that a similar tendency exists in the correlations
between pollution and NAO, CWP, and WHWP, with all three having an
inverse relationship with pollution compared to ENSO.

4. Conclusions

The relationship between large-scale atmospheric patterns prevalent
during the dry season and severe pollution events in Mexico City was
studied here. The analysis focused on some of the most dangerous pol-
lutants for human health: ozone, NO,, and particulate matter (PMs 5 and
PM;). Higher-than-average concentrations of pollutants in the Mexico
City basin occur under the influence of mid-troposphere high pressure
centers. These anticyclones inhibit convection and cloud formation
resulting in higher-than-average surface net solar radiation, negative
anomalies in wind speed and relative humidity, positive anomalies in
surface pressure and temperature, and feature a strong morning inver-
sion that erodes later in the day. In contrast, lower-than-normal con-
centrations of pollutants are observed during weather patterns
associated with an eastward-shifting mid-latitude trough over northern
Mexico. Such troughs are associated with above-normal cloudiness and
reduced net solar radiation, causing lower surface temperatures, an in-
crease in relative humidity, and intense winds with southwesterly
component.

The clustering technique employed in this paper -SOM- preserves
the topology in the input data. This allows neurons to be combined on
the basis of their similarity to each other; i.e., nearby clusters are more
similar than distant ones. This represents a significant benefit for the
interpretation of the underlying composite weather patterns, especially
when analyzing transitions between them. By taking advantage of this
feature, an evolution between the contiguous SOM patterns is detected
through a transition matrix, which is useful to analyze the most likely
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sequence of regimes during the dry season, with possible implications
for sub-seasonal forecast. The highly polluted WPs experience a

sequence starting from WP1 to WP4, evidenced by the large probabili-

ties of transition: WP1 22** wp2 2% wp3 Z!% wp4 (Figure SM9 of

Supplementary Material). That sequence involves an eastward
displacement of a mid-level high around 20°N —starting from the
eastern tropical Pacific, moving through central Mexico and reaching
the southwestern Gulf of Mexico, driving the gradual increase of pol-
lutants in a process that can last up to 10 days. Accordingly, the number
of HPE increases from WP1 to WP3 in Fig. 11. Notice that although the
sequence WP1 — WP2 — WP3 — WP4 has significantly large proba-
bilities of transition, the backward sequence (WP4 — WP3 — WP2 —
WP1) is not very likely, with probabilities under 15% (Figure SM9 of
Supplementary Material). A large transition probability is also seen from
WP7 to WP1 (25.2%), suggesting that a clean weather pattern with mid-
latitude troughing, such as WP7, can be followed by high pressure sys-
tems over the eastern tropical Pacific (WP1), indicative of a transition
towards a more polluted regime.

The analysis of intraseasonal variations in HPE as a function of the
WPs showed that, although the seven WPs occur throughout the season,
there is a preference for pollution events in certain parts of the season,
and that preference varies depending on the pollutant (see Fig. 12).
Polluted WPs tend to be associated with more O3 HPEs during the dry-
warm period (March to May). The polluted WP2 and WP3 lead to
worse air quality in terms of NOz and PM3 5 from December to February.
For PM;g, WPs associated with high pollution are roughly evenly
distributed throughout the season.

The analysis of interannual variability of the seven regimes through
their seasonal frequencies revealed important aspects for interannual
predictability of pollution events. The most important mode of climate
variability in the tropics and extratropics at interannual timescales,
ENSO, was significantly correlated with both polluted and clean WPs.
Polluted (clean) patterns were negatively (positively) correlated with
ENSO, meaning that La-Nina (El-Nino) years are likely to favor the
occurrence of WPs associated with more (less) pollution episodes during
the dry season. The fact that ENSO events are related with the frequency
of pollution-related weather patterns is a source of predictability of the
frequency of high pollution episodes. This provides insight for medium-
range air quality forecast for the dry season, and can be a suitable tool to
advice decision makers months in advance.

Although we have identified some potential sources of predictability
for pollution in Mexico City on the synoptic, intraseasonal, and inter-
annual timescales, work is still needed to evaluate the predictive ability
of general circulation models in representing those synoptic patterns.
One approach would be to use retrospective forecasts, which could
improve synoptic-to-seasonal prediction of air quality in Mexico City.
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