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Abstract

Ozone pollution in the Querétaro Metropolitan Area, a rapidly growing but understudied region of central
Mexico, is monitored through datasets that differ in spatial coverage, measurement period, and instrumen-
tation, limiting direct comparison across stations, years, and independent studies. We evaluated whether
daily ozone cycles could be represented by discrete regimes providing a common basis for such compar-
isons. K-means clustering was applied to two non-overlapping datasets: an intensive single-site campaign
at Juriquilla (2015-2016) and a multiyear, five-station operational network (2021-2024). A two-regime par-
tition, distinguishing high- and low-ozone daily cycles, was the most robust solution across methods and
datasets; an exploratory five-regime partition added a wind-ventilation signature linked to reduced pre-
cursor accumulation and a flatter diurnal cycle. Regime labels showed substantial cross-station agreement
(Cohen’s kappa 0.47-0.62) and changed measurably over 2021-2024 at four of five stations, mostly toward
more frequent hot, dry, high-ozone regimes. Cross-scenario comparisons showed that independently trained
models identified corresponding regimes not only in ozone-cycle shape but also in meteorological and pre-
cursor characteristics not used for clustering, a correspondence also evident in regime-transition dynamics;
however, cross-model similarity showed no clear association with longer-term trends in the underlying vari-
ables, so regime correspondence should not substitute for direct trend analysis. These results show that
regime-based representation offers a common framework for comparing heterogeneous ozone datasets across
stations, years, and independent campaigns, preserving site-specific and temporal differences while enabling
comparison between routine monitoring and chemically richer campaigns — an approach whose extension to

other regions should be tested, not assumed.
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Introduction

The Metropolitan Area of Querétaro (MAQ, ~1.5
million inhabitants) is a rapidly growing but com-
paratively understudied region in central Mexico’s
Bajio, roughly 200 km north of Mexico City. Its semi-
arid climate, intense sunlight, and weak ventilation,
combined with traffic, industrial emissions (including
from the nearby Salamanca refinery), and agriculture,
shape a distinctive atmospheric environment. Official
HlOIlitOI‘iIlg of 03, NOQ, CO, SOQ, PM2.5, and PMlo

across five stations Secretaria de Medio Ambiente y
Recursos Naturales (2012, 2019) shows marked recent
deterioration: poor-air-quality days rose nearly 83%
in 2024 relative to 2023, driven by particulate mat-
ter and ozone Secretaria de Desarrollo Sustentable
(SEDESU) (2024). Ozone rises in the warm season
with solar radiation and precursor emissions (NOy,
VOCs) Leighton (1970); PMsy 5 and PM;g dominate
the dry season (January—May), from mobile sources,
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agricultural burning, and resuspended dust CeM-
CAQ (2025); Secretarfa de Desarrollo Sustentable
(SEDESU) (2024).

Querétaro’s atmospheric chemistry has been char-
acterized from several angles Castaneda-Miranda
et al. (2014); Rozanes-Valenzuela et al. (2023);
Rodriguez-Trejo et al. (2024); Lindn-Abanto et al.
(2019). The most detailed characterization comes
from an intensive campaign at Juriquilla (March
2015-February 2016) using an Aerosol Chemical Spe-
ciation Monitor with Positive Matrix Factorization
(ACSM/PMF) to resolve organic, sulfate, nitrate,
ammonium, chloride, and black-carbon aerosol com-
ponents Salcedo et al. (2023). The study found that
the secondary fraction of PMs 5 was the largest of the
three, followed by the resuspended and primary frac-
tions, consistent with an earlier study at the same site
Olivares Salazar et al. (2021); both studies emphasize
the importance of regional sources and processing in
the atmospheric chemistry of air pollution at MAQ.
The campaign described in Salcedo et al. (2023) is
one of the two datasets analyzed here, referred to
throughout as Scenario A. A more recent study at the
same site reported the first nitroaromatic compounds
in this environment and recurring biomass-burning
influence Olivares-Salazar et al. (2025). Together,
these studies show that Querétaro’s photochemistry
is far from generic, yet recurrent daily ozone behavior
has not been systematically characterized. The com-
parison across stations, years, or independent studies,
in any urban area, is difficult, and the problem is not
specific to Querétaro.

A continuously operated network running across
many stations and years, and an occasional, more
detailed research campaign confined to a single site
and a short period, rarely overlap in time, instrumen-
tation, or even the variables measured. This study
uses two such non-overlapping Querétaro datasets as
a concrete case of that general problem: from the
Juriquilla campaign above (Scenario A, 2015-2016,
22 chemical and meteorological variables) and from
the operational network of the Centro de Monitoreo
de Calidad del Aire de Querétaro (CeMCAQ), five
stations recording the standard set of criteria pollu-
tants from 2021 to 2024 (Scenario B, 9-12 variables).
Scenario A allows regimes to be interpreted mechanis-
tically in terms of photochemical activity, precursor
environments, aerosol loading, and boundary-layer
processes, whereas Scenario B trades this chemical
depth for the broader spatial and temporal coverage
typical of operational urban air-quality monitoring.

Clustering daily ozone cycles provides a natural
framework for addressing this problem Boleti et al.
(2020); Lyapina et al. (2016); Wang et al. (2022);
Zhu et al. (2024); Tamas et al. (2016); Soares et al.
(2018); Alahamade et al. (2021). Existing applica-
tions of clustering to ozone time series have compared
regimes across stations Lyapina et al. (2016); Boleti

et al. (2020); Gouveia et al. (2015) and, less com-
monly, across years or aggregation periods Nelson
and Drysdale (2025). Almost none ask whether a
regime label — the discrete category a trained cluster-
ing model assigns to a single day’s cycle — produced
by one model is comparable to a label produced by
another, independently trained model on a different
dataset. That is precisely the situation in a network
like Querétaro’s: five stations that began operating on
different dates, so any comparison across stations or
years must contend with unequal record lengths and
no shared calibration period.

The advantage of a categorical label over a contin-
uous similarity measure is structural. Measures such
as functional principal component analysis (PCA)
or dynamic time warping (DTW) require a coor-
dinate system computed jointly across the datasets
being compared — in practice, the same variables,
measured the same way. Scenario A and Scenario B
share no such space: one is chemically comprehensive,
the other ozone-primary. A regime label sidesteps
this: once a clustering model is trained, it converts
any new day into a discrete symbol without recom-
puting anything relative to a comparison target, so
comparing two datasets reduces to comparing label
frequencies — a problem with standard statistical tools
(chi-squared, Cohen’s kappa, Jensen—Shannon diver-
gence (JS)), not one that requires a bespoke distance
metric for every new pair of datasets.

This study analyzes daily ozone cycles in the
MAQ through clustering of their full 24-hour evolu-
tion, with two complementary objectives. The first
is diagnostic: characterizing recurrent daily atmo-
spheric behaviors and their chemical, meteorological,
seasonal, and spatial signatures, and identifying what
conditions produce a given shape of the ozone cycle.
The second, and the central methodological contribu-
tion of this study, is comparability: every day—station
ozone cycle is reduced to a single regime label within
a defined clustering solution, and that label supports
direct comparison across monitoring stations, across
years, and even across independently trained clus-
tering solutions fitted to non-overlapping datasets
— three axes of space, time, and model — without
overlapping records, shared instrumentation, or a
bespoke similarity metric for each new comparison.
The approach is directly relevant to rapidly grow-
ing, resource-limited monitoring networks across the
Bajio and comparable regions, where operational net-
works and intensive campaigns rarely coincide in time
or design.

Data and Methods

Study areas and instrumentation

This study draws on two non-overlapping ozone mon-
itoring datasets from Querétaro, Mexico, referred to



throughout as Scenario A and Scenario B. The two
scenarios differ in geographic coverage, campaign tim-
ing, instrumentation, and the number of variables
available for interpretation, summarized in Fig. 1 and
Table 1 and detailed below.

Scenario A is an intensive measurement campaign
conducted at a single site in Juriquilla, Querétaro,
from 1 March 2015 to 29 February 2016, yielding
a complete hourly record (8784 hours, 366 daily
ozone cycles). Instrumentation details are described
in Salcedo et al. (2023), including the aerosol
mass spectrometer used to derive the AMS/PMF
aerosol tracers characterized in this study. In addi-
tion to ozone, the site measured temperature, rel-
ative humidity, solar radiation, wind speed, wind
direction, and precipitation, together with the gas-
phase and aerosol species NO, NOy, CO, SO-,
PMig, PMsy5, black carbon, and the AMS/PMF
tracers SO4, NOjs, NHy, Chl, Hydrocarbon-like
Organic Aerosol (HOA), Low-Volatility Oxygenated
Organic Aerosol (LVOOA), Semi-Volatile Oxy-
genated Organic Aerosol (SVOOA), and m/z 60, for
a total of 22 variables.

Scenario B is the operational network of CeM-
CAQ, comprising five stations within the munici-
palities of Corregidora and Querétaro: Corregidora
(COR), Félix Osores Sotomayor (FEO), Epigmenio
Gonzélez (EPG), Josefa Vergara y Hernandez (JOV),
and Carrillo Puerto (CAP). The stations came online
on different dates — CAP and COR on 1 January
2021, FEO on 3 February 2021, and EPG and JOV
on 1 July 2021 — and all recorded through 31 August
2024, with complete hourly ozone coverage from each
station’s commissioning date onward. A common core
of 9 variables is available at all five stations: ozone,
temperature, relative humidity, wind speed, wind
direction, NO5, CO, SOs, and barometric pressure.
Three additional variables bring the Scenario B vari-
able set to 12, but are measured only at a subset of
stations — PMsy 5 at all but CAP, PMg at CAP and
FEO only, and precipitation at CAP and FEO only
— and are therefore excluded from cross-station com-
parisons but retained where a single-station analysis
is possible. None of the aerosol-phase species available
in Scenario A are measured in Scenario B.

Clustering procedure and
normalization

Daily ozone cycles were represented as 25-hour vec-
tors (00:00-24:00), where the 24:00 value closes the
diurnal cycle and is set equal to the following day’s
00:00 value for the same station. Each scenario’s full
matrix of ozone values (all days and hours pooled)
was then scaled to the [0, 1] range using that sce-
nario’s own single minimum and maximum, prior to
clustering; the two scenarios were scaled indepen-
dently of each other, and scaling was not performed

Monitoring period by station
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Fig. 1: Location of the monitoring sites and cam-
paigns used in this study. Scenario A corresponds to
the Juriquilla site, whereas Scenario B comprises the
five CeMCAQ monitoring stations distributed across
the Metropolitan Area of Querétaro (MAQ); the main
urban road network is shown for geographical refer-
ence. The accompanying timeline shows each station’s
monitoring period, highlighting the temporal gap and
staggered commissioning dates between Scenario A
and Scenario B.

=

per day or per station. Clustering was performed
exclusively on this 25-hour ozone cycle; all ancillary
chemical and meteorological variables were used only
afterward, to characterize the resulting clusters, and
never entered the clustering algorithm itself. Cluster-
ing was performed using K-Means MacQueen (1967),
with identical configuration for Scenario A and Sce-
nario B; parameter and reproducibility details are
given in Supplementary Material A.

The number of clusters was determined from mul-
tiple independent criteria. K-Means, agglomerative
clustering with Ward linkage, and Self-Organizing
Maps (SOM) were evaluated using the silhouette
score, Calinski-Harabasz index, and Davies—Bouldin
index, which assess within-cluster cohesion and
between-cluster separation. These criteria consis-
tently supported k& = 2 as the optimal solution in
both scenarios. Across the alternative solutions, k = 5
provided the strongest secondary support in both
scenarios, driven primarily by the K-Means inertia
elbow criterion, although agreement among the other
methods was comparatively weak. This pattern is
consistent with the tendency of internal validation
indices to favor parsimonious solutions when contin-
uous data exhibit weak or diffuse cluster structure.
The Hopkins statistic confirmed genuine clustering
structure in both scenarios. The Gap statistic sup-
ported k = 2 for Scenario A and, more conservatively,
k = 1 for Scenario B, with only a narrow mar-
gin. Full validation results, method agreement, and
elbow- and Gap-statistic comparisons are reported in
Supplementary Material A.
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175 Scenario Code Municipality / delegation Latitude Longitude Altitude (m a.s.l.)

176 A JUR  Juriquilla 20.7034  —100.4474 1900
177 B COR Corregidora  20.5497 —100.4428 1814
178 FEO Félix Osores Sotomayor 20.6382  —100.4642 1874
179 EPG Epigmenio Gonzélez 20.6301  —100.4097 1890
180 JOV  Josefa Vergara y Herndndez  20.5686  —100.3904 1880
181 CAP  Felipe Carrillo Puerto 20.6101  —100.4376 1805

182 Table 1: Geographic location of Scenario A and Scenario B monitoring sites. Altitude values are Open-Elevation
183 estimates, not direct measurements.
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186 Thus, k = 2 provides the most statistically robust ozone cycle for the two primary regimes, illustrating
187 and interpretable partition for both scenarios, corre- the low- and high-ozone character of the two clusters
188 sponding to a high-ozone /low-ozone distinction devel- described above.

189 oped in the following section. However, the recurrence
190 of k =5 across both scenarios, despite weaker statis- .

191 tical support, provides a useful exploratory resolution — Cluster 0
192 of the data. It reveals differences in the level and 60 clustert
193 shape of the diurnal ozone cycle that are not appar-
194 ent at k = 2, without implying that five represents a
195 privileged or “correct” number of regimes. Section 3
196 reports both partitions; Section 4, which focuses on
197 regime-based comparability across space, time, and
198 model, adopts k = 5 because its finer resolution bet-
199 ter serves that goal, while £ = 2 remains appropriate
200 for analyses concerned only with a high/low-ozone
201 distinction. 10
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218 whether individual variables differed between clus- gy nl:: . m n|:: T
219 ters, we used one-way analysis of variance (ANOVA),

220 +hich compares between-cluster and within-cluster December 2015 January 2016 February 2016
221 variability through the F-statistic; larger F val- - | . = ,',i
222 yes indicate stronger separation. Because multiple O =R e () [ R (=) ] 2 | [z5] I
223 variables were tested simultaneously, p-values were T (26 27 | i! i

224 adjusted using the Benjamini-Hochberg (BH) pro-
225 cedure to control the expected proportion of false
226 discoveries among significant results Benjamini and
227 Hochberg (1995). Of the 22 variables tested, 20 dif-
228  fered significantly between the two clusters after BH
229 correction (all but wind speed and CO); ozone con-
230 centration showed the strongest discrimination (F =
231 551.7, based on its daily mean), followed by solar radi- Ozone was negatively correlated with NO and
232 ation (F = 114.0). Figure 2 shows the mean diurnal NOy (Pearson 7 = —0.377 and —0.223 respectively;

Fig. 2: Mean diurnal ozone cycle (£1 SD) and cal-
endar heatmap of daily cluster assignment for the
primary two-cluster partition (k = 2), Scenario A.



both correlations remain significant after BH cor-
rection for multiple comparisons, applied throughout
this manuscript unless noted otherwise), consistent
with titration of ozone by freshly emitted NOy
(exact statistics, together with NO3 and wind speed,
which showed no significant correlation with ozone,
are given in Supplementary Material B). Precipita-
tion differed significantly between the two clusters
(one-way ANOVA). Figure 3 makes this mechanism
directly visible: NO peaks sharply during the morning
rush hour, coinciding with the daily ozone minimum,
and then declines as solar radiation rises through
the morning while ozone climbs toward its afternoon
peak.
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Fig. 3: Mean diurnal cycles of Oz, NO, NOy, and
solar radiation for Scenario A (full 366-day record,
not split by cluster; complete hourly coverage with no
data gaps, see Section 2.1).

Cluster occurrence showed clear seasonal and cal-
endar structure (Figure 2). Cluster 1 (low-ozone)
occurred more frequently between October and Jan-
uary, Querétaro’s dry-cold season, consistent with
reduced photochemical activity under lower solar
radiation and lower temperature during this period.

We also defined an operational criterion to iden-
tify days characterized by high ozone and enhanced
secondary photochemical processing. A day was clas-
sified as meeting this criterion when its daily max-
imum Oz was above the 75th percentile, its daily
mean NO, (NO 4+ NO;) was below the 25th per-
centile, and either LVOOA or SO, was above the
75th percentile. This multivariate criterion combines
high ozone, reduced NO, titration, and evidence of
secondary aerosol formation, providing a more strin-
gent definition than ozone concentration alone. Under
this criterion, qualifying days were rare (1.6% of the
366-day record) and fell, without exception, in the
high-ozone cluster. No literature-derived benchmark
exists for this specific combination of criteria, so it is
reported as an explicit operational definition, not an
established standard.

Secondary exploratory layer (k = 5)

The five-cluster partition reveals within-regime atmo-
spheric and chemical structure not visible at k =
2.

The five-cluster solution was compared with the
k = 2 partition to assess how much of the finer
structure corresponds to the broader high-ozone /low-
ozone separation. The two partitions show limited
agreement: three & = 5 clusters are nested within
a single k = 2 cluster at > 90% membership (clus-
ters 0, 1, and 4), whereas the remaining two show
substantial mixing (cluster 3, 55.0%/45.0%; cluster
2, 80.2%/19.8%). Overall agreement is low (adjusted
Rand index, ARI = 0.245; normalized mutual infor-
mation, NMI = 0.345), indicating that the finer
partition captures structure that is not simply a sub-
division of the k = 2 solution. Precipitation, which
distinguished clusters at k = 2, no longer does so at
k =5 (the adjusted p-value is p,q; = 0.294).

The main atmospheric differences among the five
clusters are summarized in Table 2 and Figures 4
and 5. The corresponding detailed characterization
is provided in Supplementary Material B, including
cluster-mean values for the complete set of ancillary
variables, the calendar of daily cluster assignments,
diurnal cycles for all variables, and ozone-species
phase-lag diagnostics. The following characterization
therefore focuses on the principal atmospheric con-
trasts and their physical interpretation, while the
supplementary analyses provide the broader observa-
tional basis for these interpretations.

Cluster
— A0
— Al
60 A2
— A3
50 — A4

701

s0f

Ozone concentration (ppb)

1
0 5 10 15 20
Hour of day

Fig. 4: Mean diurnal ozone cycle (£1 SD) for each
of the five Scenario A clusters (k = 5).

Cluster 0 (n = 67) is the most heavily loaded
of the five clusters in several respects at once: it
combines high ozone (34.0 ppb) and the highest
solar radiation of the five clusters with the dri-
est conditions (lowest relative humidity, 51.3%) and
the highest levels of NOg3, SOz, and PMjg (Sup-
plementary Figure B2), together with the highest
secondary-aerosol load (NO3, SVOOA, and black car-
bon all maximal; Supplementary Figure B3). This
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Cluster n O3 Temp Rad RH WSpeed Wdir NO LVOOA

(ppb)  (°C)  (W/m?) (%) (m/s)  (°) (ppb) (ug/m?)
0 67 34.0 26.5 277.9 51.3 2.66 357 7.31 2.26
1 78 20.1 23.4 194.8 62.2 2.62 51 8.29 1.57
2 101 28.0 24.2 236.4 62.9 2.94 55 3.19 1.44
3 60 33.4 22.8 232.4  63.9 3.17 62 1.63 1.51
4 60 40.4 27.0 275.6  54.4 2.71 57 2.53 2.39

Table 2: Key atmospheric variables by cluster, Scenario A (k = 5). All variables show the cluster daily mean;

Wdir is the circular mean wind direction (degrees).

Cluster 0
o

- .

Fig. 5: Wind-direction and wind-speed distribution
for each of the five Scenario A clusters (k = 5). Except
for cluster 0’s distinct northerly /bimodal regime, the
remaining four clusters share a similar NE-ENE mean
wind direction and differ primarily in how concen-
trated that flow is.

combination of elevated primary precursors alongside
maximal secondary-aerosol markers is consistent with
a dry, high-insolation regime in which substantial
photochemical processing accompanies rather than
replaces primary-pollutant accumulation. Its wind
pattern is bimodal — calm-to-light flow from the
north together with a secondary gusty sector from
the southwest — consistent with the late-peaking, fast-
rising ozone cycle shown in Fig. 4 and analyzed in
depth in Fig. B7, along with other shape descriptors
included in the Supplementary Material.

Cluster 1 (n = 78) is the least photochemi-
cally active: lowest ozone, lowest temperature and
solar radiation, and highest relative humidity, yet
the highest NO and NOy of the five clusters — more
precursor available but less radiation to convert it,
directly consistent with a radiation-mediated mecha-
nism. It also shows the highest CO and the highest
primary organic aerosol markers (HOA, m/z 60) of
the five clusters, in agreement with the accumulation
of fresh combustion emissions under low photochem-
ical turnover — a pattern that matches this cluster’s
concentration in November-December (Calendar in
Fig. B8 of the Supplementary Material). Its wind pat-
tern is comparatively weakly organized, with elevated

high-speed fractions concentrated in the SW and
WSW sectors, suggesting weaker or less consistent
ventilation.

Cluster 2 (n = 101, the largest) shows no extreme
in any atmospheric variable and a strongly unidi-
rectional wind from the ENE, making it the closest
approximation to a typical campaign day.

Cluster 3 (n = 60) — the structurally atypical clus-
ter examined in Section C.1 — shows an even more
strongly unidirectional wind regime than cluster 2,
from a near-identical ENE sector, with the highest
daily-mean wind speed of the five clusters — differing
from every other cluster by a wide margin (one-way
ANOVA, F = 15.11, pagj = 2.5 x 107!1; see Fig. 5
for the full wind-speed-bin breakdown). This wind
regime coincides with the lowest levels of most mea-
sured precursor and aerosol species — NO, NOy, CO,
PM;o, PMay 5, black carbon, NO3, Chl, HOA, m/z
60, and SVOOA (Supplementary Figures B2 and B3)
— consistent with wind-driven dispersal limiting local
pollutant accumulation.

Cluster 4 (n = 60) shows the highest ozone, tem-
perature, and radiation of the five clusters, together
with the highest SO, and PM2.5, consistent with
the campaign’s days of maximal photochemical load-
ing; SOs, in contrast, is highest in cluster 0 (above),
reflecting its greater primary-pollutant loading. Its
wind pattern is unremarkable in both speed and
direction — a moderate wind speed (2.71 m/s) from a
moderately concentrated NE-ENE sector, similar in
mean direction to clusters 1-3 but without the strong
unidirectionality of clusters 2 and 3.

For each cluster, the lag between ozone and every
other variable was estimated by cross-correlating
their mean diurnal cycles and taking the hour of
maximum correlation (full method in Supplementary
Material B); this identifies relative phase, not a causal
delay. Across all five clusters, ozone lags NO, CO, and
black carbon by several hours (7-10 h for NO and
CO) and leads PMyq by 6-9 h, while temperature and
radiation are essentially synchronous with ozone (lag
0-2 h). Because this ordering is shared across clusters
rather than distinguishing among them, we treat it as
a common cross-cluster pattern. The observed phase
relationships are also compatible with a nighttime
NOg-radical oxidation pathway reported for this site



Olivares Salazar et al. (2021); Salcedo et al. (2018),
although the lag analysis alone does not establish this
mechanism. Phase-lag Figures B5 and B6, along with
the daily cycle of all variables for comparison B4, are
presented in the supplementary material.

Two additional patterns emerge from the k =
5 partition. First, the apparent monotonic relation-
ship between ozone and regional photochemical aging
breaks down in cluster 3, essentially indistinguishable
from cluster 2 in LVOOA (Table 2) despite higher
ozone. Second, several pairs of clusters show statis-
tically equivalent NO while differing significantly in
both solar radiation and ozone — a recurring pattern
consistent with a radiation-mediated photochemical
mechanism rather than a precursor-driven one (full
pairwise statistics in Supplementary Material B).

Taken together, these observations support for
Scenario A a near-mechanistic interpretation of the
five regimes, linking ozone-cycle behavior to meteo-
rology, precursor availability, radiation, and aerosol
composition. This interpretation remains observa-
tional and correlational and does not substitute for
targeted experimental or process-based evidence.

Scenario B

Primary regime structure (k = 2)

As in Scenario A, the primary partition of Sce-
nario B is a high-/low-ozone split: cluster 1 (high
ozone) is predominantly observed between late March
and mid-June at the five stations, whereas cluster
0 (low ozone) covers the rest of the year (calendars
not shown). Figure 6 shows the corresponding mean
diurnal ozone cycles.
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Fig. 6: Mean diurnal ozone cycle (1 SD) for the
primary partition into two clusters (k = 2), Scenario
B.

As in Scenario A, temperature was the most dis-
criminating variable (F = 3044), followed by relative

humidity and PMsy 5; precipitation was the weak-
est, though still significant, discriminator (F = 4.6)
among the ten variables tested.

At k = 2, station-level cluster shares were close
to the network-wide average: pooling all five stations,
64.0% of station-days fell in cluster 0 (low-ozone)
and 36.0% in cluster 1 (high-ozone). Each station’s
cluster-0 share was close to the 64.0% network-wide
value, with CAP showing the largest deviation (—5.18
percentage points). Thus, the & = 2 partition in
Scenario B captures a clear high/low-ozone distinc-
tion but provides limited station-level differentiation,
motivating the finer k = 5 resolution examined next.

Secondary exploratory layer (k = 5)

The k = 5 partition was examined as an exploratory
refinement of the operational network, independently
of the £k = 2 solution. Three of the five clusters
nest cleanly (> 90%) within a single k& = 2 clus-
ter, whereas the remaining two are split across both
groups (cluster 2: 69.8%/30.2%, discussed below;
cluster 3: 8.6%/91.4%).

Seasonally, the clusters show distinct temporal
patterns (numbering as in Table 3): cluster 0 concen-
trates in winter (October-March, 82.5% of its days);
cluster 1 in May (41.0%, with April and June as
shoulders); cluster 2 spans June-September (peak-
ing in August at 16.0%) and is the only cluster
over-represented on weekends and Mondays; clus-
ter 3 concentrates in spring (March-May, 46.6%);
and cluster 4 shows a bimodal July/December pat-
tern (12.2% and 12.5%, respectively), separated by a
January—May trough. The full station-by-cluster dis-
tribution and annual calendar are shown in Table 3
and Figure 7.

Station-level structure was more pronounced at
k = 5. The most frequent cluster at each sta-
tion reveals a 3+1+1 pattern: EPG (34.5%), FEO
(26.6%), and JOV (30.6%) are dominated by clus-
ter 2, whereas CAP is dominated by cluster 0
(28.3%) and COR by cluster 4 (27.9%). Thus, no
single regime dominates all five stations, and the
finer partition reveals a three-station block together
with two station-specific patterns. Within the three-
station block, EPG deviates most from the network-
wide cluster-2 share (25.9%; +8.67 percentage points;
Table 3). This grouping may reflect differences in sur-
rounding land use: EPG, FEO, and JOV are located
within the denser urban core, whereas CAP lies near
an industrial zone and COR in an outlying municipal-
ity (Table 1); this association is not tested formally
here, and the station-level differences it might explain
are discussed further in Section 4.

The five Scenario B clusters differ in tempera-
ture, humidity, wind, precursor levels, and ozone—
precursor phase relationships (Supplementary Mate-
rial C, Fig. 8, and Table 4). ANOVA identified
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Station / Cluster 0 1 2 3 4

CAP 28.3 14.0 193 227 156
COR 243 7.5 202 202 279
EPG 203 11.5 345 170 16.7
FEO 22.1 132 266 158 224
JOV 227 9.2 306 16.8 20.7

Table 3: Cluster occurrence by station, Scenario
B, k =5 (percentage of station-days).

temperature as the most discriminating variable (F =
1042), followed by NOs and relative humidity; pre-
cipitation was the weakest discriminator (F' = 9.3)
among the ten variables tested.

Wind direction does not split cleanly into consis-
tent and inconsistent clusters: cluster 2 is the only
cluster whose dominant sector (60-90°, 25.4%) is not
shared by any other, while clusters 0 and 3 share
a dominant sector (210-240°) and clusters 1 and 4
share another (90-120°). No cluster shows full agree-
ment across all five stations; cluster 2, the closest to
a shared pattern, in fact reflects a station-block split
(CAP, COR, and FEO favoring 90-120°; EPG and
JOV favoring 60-90°) rather than individual-station
consistency, with inter-station variability the norm
across the network rather than the exception (full
station-by-station wind breakdown in Supplementary
Material, Figure C9). Wind speed, by contrast, varies
far more by station than by regime: across all five
clusters, the same ranking holds — EPG and JOV are
consistently the windiest stations, CAP and COR sit
in an intermediate, roughly comparable range, and
FEO is consistently the calmest by a wide margin,
roughly threefold slower (exact values in Figure C9).
This gap holds regardless of which regime a given day
is assigned to, indicating an apparent siting effect —
presumably reflecting local exposure or topography at
each station — rather than a property of the regimes
themselves.

Cluster 0 shows the highest NOs, CO, and SO,
of the five clusters, together with the weakest wind
of the five — consistent with a stagnant regime favor-
ing accumulation of primary pollutants. Cluster 1,
the smallest of the five by sample size (n = 16,800
station-hours), is the hottest and driest cluster and
shows by far the highest ozone of the five — a low-
humidity, high-photochemical-activity regime consis-
tent with this region’s meteorology. Cluster 2, the
largest by sample size (n = 39,120 station-hours),
shows the lowest NOs and CO of the five clus-
ters together with a strongly unidirectional easterly
wind, consistent with its role as the network’s largest
and most typical regime. It also carries the high-
est wind speed in the network (F = 158.68, p =
8.0x 107129), combined with the lowest precursor and
particulate load among the five clusters — the same
wind-driven dispersal signature independently identi-
fied in Scenario A’s cluster 3 (Section 5.1), examined
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Fig. 7: Mean diurnal ozone cycle (1 SD) and annual
calendar of the daily modal cluster across the five
monitoring stations, Scenario B (k = 5). For each
calendar day, assignments are pooled across stations
and years (2021-2024; typically 15-20 observations);
the cell colour indicates the modal cluster and the
fraction in parentheses its fraction of the pooled
observations.

further in Supplementary Material C.1. Cluster 3
is warm and dry with intermediate-to-high precur-
sor levels. Cluster 4 shows the lowest SOz, PMjg,
and PMjy 5 of the five clusters together with nearly
double the rainfall of any other cluster, the lowest
ozone, and the most humid conditions; unlike clus-
ters 0 and 2, its dominant wind sector is not the same
across all five stations, reflecting station-to-station
heterogeneity rather than a within-station unstable
signal. Full atmospheric detail, including exact val-
ues and station-level wind breakdown, is given in
Supplementary Material C.



Cluster n (h) O3 Temp RH WSpeed NOg Precip. Wdir (dominant)
(ppb)  (°C) (%) (m/s)  (ppb)  (mm)

0 35,746 22.9 18.5 50.0 0.34 17.1 0.034 210-240° (14.8%)
1 16,800 45.6 24.3 409 0.48 11.4 0.026  90-120° (19.3%)
2 39,120 30.8 20.2 56.6 0.91 8.9 0.054  60-90° (25.4%)
3 28,128 33.6 21.8 45.3 0.38 13.6 0.045 210-240° (15.1%)
4 31,392 19.5 18.4 64.1 0.85 10.3 0.107  90-120° (23.8%)

Table 4: Key atmospheric variables by cluster, Scenario B (k = 5). All variables show the cluster mean, with
the single exception of WSpeed, reported as the cluster mean of the daily minimum wind speed, given its direct
mechanistic interpretation as a floor on sustained ventilation. Wdir (dominant): most frequent 30° wind-direction
bin and its share of cluster-hours; each station-hour is treated as an independent observation, i.e. simultaneous
readings from different stations are not averaged into a single regional value before computing the mode. n is

given in station-hours, from the same station-level assignment.
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Fig. 8: Atmospheric characterization of the five Scenario B clusters (k = 5): z-scores of cluster means relative
to the five-cluster mean, for the same twelve variables shown in Figures C10 and C11, presented jointly as a
radar for direct cross-variable comparison within each cluster.

In addition, the NOs—ozone lag structure divides
the five clusters into two groups (Figure C13): clus-
ters 1 and 2 show a net NOy—ozone lag of 7-8 hours
before the ozone peak, while clusters 0, 3, and 4
show a net lag of 7-9 hours after it. NOy follows
a bimodal diurnal cycle, with a morning and an
evening peak, in all five clusters; because the lag
reported here is the single hour of maximum cross-
correlation with the (unimodal) ozone cycle, this split
more likely reflects which of the two NOy peaks is
comparatively larger in each cluster than a genuine
precursor-to-product delay that differs by regime.
We therefore report it here as a descriptive, within-
network contrast among the five clusters rather than
as evidence of a different precursor-product order-
ing. Supplementary Material C gives the complete
atmospheric characterization behind this summary:
per-variable diurnal cycles and normalized cluster
means for all twelve variables, together with the full
station-by-station wind-direction and NOs—ozone lag
breakdowns.

This mechanistic characterization of the five Sce-
nario B clusters is necessarily less detailed than that
of Scenario A, since the operational network measures
a smaller set of chemical and meteorological variables.
Its value lies elsewhere: spanning five stations over
four years gives it a spatial and temporal breadth
that the single-site, one-year Scenario A campaign
cannot offer. Whether — and how — this coarser but

broader regime structure can be compared meaning-
fully against Scenario A’s finer one is examined next,
in Section 4.

Regime comparability: a practical
measure across space, time, and
independently trained models

A categorical regime label is only useful for com-
parison if it means the same thing wherever it is
applied. The most direct test of this is within Sce-
nario B, where every station is measured by the same
operational network, on the same instrumentation,
and classified by a single trained model: Sections 4.2
and 4.3 use this shared framework to show that
regime labels compare cleanly across space and time,
since any difference in regime prevalence between
stations or years reflects a genuine atmospheric dif-
ference rather than an artifact of how the labels were
built. A harder problem remains, and it is the central
methodological question of this study: whether the
same kind of comparison can be made between two
scenarios that share nothing — no stations, no years,
no instrumentation, and independently trained clus-
tering models, as is the case between Scenario A and
Scenario B, where cluster indices carry no inherent
correspondence to begin with (there is no statistical
reason to expect, for instance, that Cluster 0 in Sce-
nario A represents the same atmospheric regime as
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Cluster 0 in Scenario B). Section 4.4 addresses exactly
this: a way to quantify how closely the shape of the
daily ozone cycle in one scenario’s regimes resembles
that of the other’s, without assuming any corre-
spondence between the two independently trained
models.

Cluster identity reflects cycle shape,
not only ozone level

A necessary condition for the regime-label interpreta-
tion is that cluster membership encodes information
about the shape of the diurnal ozone cycle — how
fast ozone rises and falls, when it peaks, how large
the swing is between its daily minimum and maxi-
mum — and not merely the daily mean or maximum
ozone level. Two extremes bound the choice of unit for
comparing ozone regimes. At one end, reducing each
cycle to a single level statistic discards exactly the
shape information that gave the atmospheric charac-
terization in Sections 3.2.2 and C.1 its interpretive
power: comparing such labels across stations or years
would add nothing beyond comparing daily ozone
means directly. At the other end, comparing full raw
diurnal time series preserves that information but is
itself difficult to operationalize — it requires aligning
cycles in time, is sensitive to instrument noise, and
offers no natural discrete unit to tally and compare. A
shape-aware cluster label sits between these extremes:
coarse enough to reduce every cycle to a single, count-
able category, yet rich enough to retain the geometric
information a level statistic alone would discard.

To assess whether shape adds information beyond
level, we ran the following test. For each Scenario B
day—station record with a well-defined rise and fall
segment (n = 6300), we computed two level descrip-
tors (daily mean and maximum ozone) and three
shape descriptors capturing cycle geometry indepen-
dently of level: relative amplitude, morning rise rate,
and afternoon fall rate. A multinomial logistic clas-
sifier predicting the &k = 5 cluster label performed
substantially better using level and shape descrip-
tors together than using either alone, closing roughly
40% of the classification error left by a level-only
model (5-fold cross-validation; balanced-accuracy val-
ues in Supplementary Material D). Because level and
shape descriptors are calculated from disjoint aspects
of the same cycle, this gain indicates that shape car-
ries information about cluster identity that is not
recoverable from level alone; an analysis of covari-
ance corroborates this from a different angle, with
the cluster effect on each shape descriptor remaining
significant after adjusting for daily mean ozone (full
statistics in Supplementary Material D) — these shape
features distinguish clusters beyond what daily mean
ozone alone would predict.

Peak timing — the hour at which each day—
station’s ozone cycle reaches its maximum - fell
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outside the typical afternoon window in 106 of 6300
records (1.7%), disproportionately concentrated in
cluster 4 (5.1% of its own records) and, to a lesser
extent, cluster 2 (2.3%), versus < 0.14% in clusters 0,
1, and 3 — cluster 4 being the same cluster identified
in Section C.1 as having the flattest diurnal ampli-
tude among the five Scenario B regimes, see Fig. 7.
The atypical timing is an expected consequence of
cluster 4’s flat diurnal structure: when a cycle shows
little contrast between its daily minimum and maxi-
mum, small fluctuations can shift where the apparent
peak falls, making peak hour an unreliable descriptor
for that cluster rather than evidence of a data-quality
problem (full diagnostics in Supplementary Material
D).

This is what makes the regime label a meaningful
unit of comparison in the sections that follow rather
than a relabeling of the daily ozone mean. Figure 9
shows both sets of descriptors side by side: cluster
B1 combines the highest ozone level with a below-
average relative amplitude and the fastest morning
rise, while B4 shows the opposite level pattern but
expresses its flat diurnal structure through the peak-
timing instability noted above rather than through
relative amplitude.

Cross-station regime correspondence

A regionally shared ozone regime implies that two
stations should fall into the same cluster on the same
day more often than expected by chance; station-
specific idiosyncrasies alone would not produce such
cross-station agreement. We tested this across all 10
possible pairs of the five Scenario B stations, consid-
ering only calendar days on which both stations had
data.

To assess this effect, two tests were applied to
each station pair: Cohen’s kappa Cohen (1960), which
measures the extent to which same-day agreement
exceeds that expected from each station’s own cluster
frequencies (i.e., agreement expected by chance); and
a chi-squared test of independence on the 5 x5 contin-
gency table, to determine whether the two stations’
cluster labels were statistically independent. A BH
correction was applied across the 10 pairs to control
for multiple testing. All 10 pairs passed both tests.
Observed same-day agreement (58-70%) far exceeded
the 20-23% expected by chance and remained signif-
icant after correction (Table 5). Kappa ranged from
0.470 (COR-FEO, the weakest pair) to 0.622 (COR~
JOV, the strongest). According to the benchmarks
of Landis and Koch (1977) (0.41-0.60, “moderate”;
0.61-0.80, “substantial”), most pairs fell within the
moderate range, while the two strongest pairs (COR—
JOV and EPG-JOV) reached the substantial range.

However, a high kappa could still mask an uneven
pattern, with one cluster driving most of the agree-
ment while the other four rarely coincide between
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Fig. 9: Shape and level descriptors of the diurnal ozone cycle by cluster, Scenario B, k = 5 expressed as z-scores
relative to the full population. The equivalent figure for Scenario A appears in Supplementary Material B.

Station pair m % Obs. agree. (% Exp.) K
COR-JOV 1158 70.4 (21.6)  0.622
EPG-JOV 1158 68.9 (22.5) 0.599
CAP-FEO 1306 67.1 (20.3) 0.587
CAP-EPG 1158 65.7 (20.4)  0.569
COR-EPG 1158 65.7 (21.3)  0.564
EPG-FEO 1158 65.2 (21.8) 0.555
CAP-COR 1339 63.2 (20.8) 0.535
CAP-JOV 1158 63.0 (20.6) 0.534
FEO-JOV 1158 61.7 (22.0)  0.509
COR-FEO 1306 58.2 (21.1)  0.470

Table 5: Cross-station same-day regime agree-
ment, Scenario B, k = 5. m: number of overlapping
calendar days for the pair; agreement column
shows observed percentage with the chance-level
expected percentage under independence in paren-
theses; x: Cohen’s kappa. chi-squared indepen-
dence test, 16 d.f.).

stations. To assess this possibility, we examined the
standardized residuals of the contingency tables for
the best- and worst-agreement pairs only (COR-
JOV and COR-FEO; the remaining eight pairs were
not examined in this way). We tested whether the
large positive residuals—cells with more same-day
matches than expected under independence—were
concentrated on the diagonal (matching clusters) or
scattered across off-diagonal combinations. In both
pairs, all large positive residuals occurred on the diag-
onal, whereas off-diagonal residuals were negative and
small (exact ranges are provided in Supplementary
Material D). Thus, agreement was distributed across
all five regimes rather than being driven by a single
cluster, at least for these two representative pairs.
In plain terms, on any given day, two Scenario
B stations were far more likely to report the same
ozone regime than chance alone would predict, and
this pattern held for every station pair in the network,
not only for nearby stations. Moreover, the associ-
ation was not driven by a single easily identifiable
regime, such as unusually high-ozone days: even in
the pair with the weakest overall agreement, all five
regimes showed same-day agreement across stations
beyond that expected by chance. Ozone regimes in
Scenario B therefore behaved as a regional condition,
independently identified at each station, rather than
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as station-specific labels that happened to share a
common classification.

If this regional signal follows the expected pattern
of atmospheric transport, nearby stations sharing the
same air mass more consistently should agree more
than distant ones. This expectation received only
partial, inconclusive support: kappa was negatively
correlated with the great-circle distance between sta-
tion pairs (Pearson r = —0.63, p = 0.051; Spearman
p = —0.56, p = 0.090), but the relationship fell short
of significance and was not straightforward—the clos-
est pair (CAP-EPG, 3.7 km) did not have the highest
kappa. Cross-station agreement is therefore better
interpreted as a shared regional exposure signal than
as a simple function of geographic proximity.

Cross-year regime stability and change

A complementary use of the same regime labels is
to track changes in a station’s regime composition
over time, a different question from same-day cross-
station agreement because there is no day-to-day
pairing across periods. The five stations were com-
missioned on different dates in 2021 — CAP and COR
in January, FEO in February, and EPG and JOV in
July (Section 3.2.1) — while the record ends on 31
August 2024 at all stations. Consequently, no calen-
dar year has complete and equal coverage across the
network: 2021 is only partially covered at three sta-
tions, and 2024 is truncated to January—August at
all five. Direct comparison of calendar years could
therefore confound genuine interannual changes with
seasonal sampling differences; for example, a partial
year missing the cooler, wetter months could appear
spuriously shifted toward the hotter, drier regime.

To avoid this, we instead defined three rolling
twelve-month periods, anchored to the last available
date and each covering a full annual cycle at every
station:

® Period 1: 1 September 2021 — 31 August 2022
® Period 2: 1 September 2022 — 31 August 2023
® Period 3: 1 September 2023 — 31 August 2024

All five stations have complete daily coverage in all
three periods (n = 1096 station-days each). For
each station, we compared the distribution of clus-
ter assignments across the three periods using a
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chi-squared test of homogeneity and pairwise Jensen—
Shannon (JS) divergence between consecutive peri-
ods.

Four of the five stations—CAP, COR, EPG,
and FEO—rejected the null hypothesis of homoge-
neous cluster distributions across the three periods
(Table 6); JOV did not (paq; = 0.491), mak-
ing it the only station for which no statistically
detectable change in regime composition was found
over the study period. Beyond significance, Cramér’s
V' (Table 6) measures how strong a station’s shift is,
not just whether it is detectable. By this measure,
CAP shows the strongest interannual restructuring
in the network (V' = 0.190), and EPG the weakest
among the four significant stations (V' = 0.087).

Station n X2 Padj V

CAP 1096 79.4 3.3 x10713  0.190
COR 1096  53.5 1.5x 1078 0.156
EPG 1096 16.7 0.042  0.087
FEO 1096 65.7 88x 107!t 0.173
JOV 1096 7.4 0.491  0.058

Table 6: Chi-squared test of homogeneity
of cluster distribution (k = 5) across the
three complete-coverage periods, Scenario
B, by station. d.f. = 8 for all five stations.
Dadj: BH-corrected across the five stations.
V: Cramér’s V (effect size).

Figure 10 shows what that shift looks like, with
the exact per-period percentage for every cluster
labeled directly on each bar. The general, inter-
pretable pattern is: at CAP, COR, and FEO, the
coolest/wettest regime (cluster 4) shrinks and the
hottest/driest regime (cluster 1) grows from Period 1
to Period 3, consistently enough to be the dominant
network trend; EPG and JOV do not follow it: EPG’s
shift, though statistically significant (Table 6), does
not point in this direction — its cluster 4 share grows
instead of shrinking — while JOV shows no signif-
icant shift at all, consistent with its non-significant
omnibus test above. These results indicate sensitiv-
ity to interannual changes in regime composition at
four stations, but do not imply that such changes are
universal across the network; JOV provides a clear
counter-example.

As a complementary analysis to the three-period
test above, we also tested each pair of consecutive
periods separately, yielding 10 station-period compar-
isons. Six were significant; the four exceptions were
COR between Periods 1 and 2 (pa.q; = 0.088), EPG
between Periods 2 and 3 (paq; = 0.319), and JOV
in both consecutive pairs (paq; = 0.828 and 0.147).
Figure 11 summarizes the JS divergence for these
period pairs, with pairwise significance indicated
directly on the heatmap.
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Cross-model comparability:
independently trained clustering
solutions

Cross-station and cross-year comparability
(Sections 4.2, 4.3) compares regime labels produced
by a single trained model. A more stringent test
asks whether regimes identified by two independently
trained solutions — based on different data sources,
time periods, and preprocessing pipelines — can them-
selves be meaningfully related. Because each model
assigns its own arbitrary label alphabet, we address
this question in two steps. First, we test whether the
two sets of clusters occupy comparable positions in
a shared geometric space (Step 1). Second, we assess
whether this geometric correspondence is consistent
with the actual ordered, day-by-day structure of the
data (Step 2). To illustrate this approach, we com-
pare Scenario A with data from FEO station, the
Scenario B station nearest to the Juriquilla site.

Figure 12 makes explicit what is being compared:
the daily ozone cycles in Scenario A and in each of
FEOQO’s three complete years, together with the clus-
ter composition of each series. The histograms are
intended as a visualization aid rather than as a direct
statistical comparison: they place the independently
trained clusters from Scenario A and Scenario B side
by side on the same ozone axis, even though the two
models never saw each other’s data and did not share
a common label space. The three FEO years visibly
differ in cluster composition, not only in their over-
all ozone levels. In particular, the cooler, low-ozone
cluster (B4) becomes less frequent from 2021-2022 to
2023-2024, whereas the hottest, driest cluster (B1)
becomes more frequent. This is the same regime shift
documented in Section 4.3, but here it is visible
directly in the distribution of individual daily values
rather than through annual percentages.

The cross-model analysis that follows is intended
as a framework for comparing the daily ozone-cycle
structure captured by two independently trained clus-
tering solutions, not as evidence that corresponding
clusters represent identical or complete atmospheric
regimes. The object being compared is deliberately
narrower than the full atmospheric state: the shape
and level of the daily ozone cycle. This representation
is more informative than comparing daily mean ozone
alone, because cycle shape retains the diurnal struc-
ture that a single mean discards, and more robust
than comparing the raw time series directly, which
is sensitive to small temporal offsets and day-to-day
noise. By reducing the data to a limited set of recur-
ring cycle shapes, the cluster-based representation
provides a more interpretable basis for comparison.
Read in this way, the correspondences reported below
indicate that Scenario A’s and Scenario B’s ozone-
cycle regimes recur with comparable frequency and
in a comparable order, without implying that the
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underlying atmospheric drivers — including emissions,
boundary-layer dynamics, or synoptic forcing — are
themselves identical across the two datasets.

Step 1: geometric correspondence.

We projected Scenario A’s and Scenario B’s daily
ozone cycles into a single shared space via a joint
PCA, fitted once on the pooled, unnormalized ppb
data. The analysis yielded three components explain-
ing 55.1%, 18.9%, and 6.4% of the variance, respec-
tively. Four of the five cluster pairs were mutual
nearest neighbors: A0+B3, A1+<B4, A2+B2, and
A4+B1 (Figure 13). Only A3 lacks a reciprocal part-
ner: its nearest neighbor, B2, already reciprocates
with A2, leaving BO as the only Scenario B cluster
with no reciprocal match in Scenario A. One pair car-
ries a secondary suitor worth flagging here, since it
resurfaces below: after its own reciprocal partner B1,
A4’s next-closest Scenario B cluster is B3 — roughly
four times farther than AQ’s tight reciprocal link to
B3, but close enough to leave a faint secondary pull
on an otherwise clean match. The four reciprocal
pairs agree not only in the shape of their mean diur-
nal ozone cycles but also in absolute level, differing
by only 1-5 ppb in each pair. This is a demanding
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match because the joint PCA was fitted on unnormal-
ized data, so differences in absolute ozone level were
retained rather than discounted.

Because the joint PCA in Step 1 is fitted on
ozone cycles alone, the correspondence above is, on
its own, partly circular: clusters defined to sepa-
rate different ozone regimes will naturally appear
close in a space constructed from ozone. A stronger
test is therefore whether the same geometric prox-
imity also predicts similarity in variables not used
in the clustering. We compared each cluster’s mean
meteorological and precursor fingerprint (tempera-
ture, relative humidity, wind speed, NOg, CO, SO,
PM;g, PMs 5, precipitation, and wind direction — the
variables measured comparably in both the Scenario
A campaign and the Scenario B operational network,
with ozone itself excluded to avoid reintroducing this
circularity) using a Mantel-style test. Each variable
was z-scored across the ten cluster fingerprints, after
which the 5 x 5 Euclidean distances between Scenario
A and Scenario B fingerprints were computed and
their 25 entries correlated with the Step-1 geomet-
ric distance matrix. Significance was assessed against
an exact permutation null consisting of all 5! = 120
relabelings of the Scenario B side. The two distance
matrices were significantly correlated (r = 0.39, exact
p = 0.017; rank agreement p = 0.41, p = 0.044;
Figure 14): cluster pairs that are close in ozone-cycle
space are also, independently, close in their weather
and precursor loading. This is visible directly in the
four Step-1 reciprocal pairs (diamonds in Figure 14),
which cluster toward the low end of both axes rather
than scattering among the remaining 21 combina-
tions. Figure 15 makes this correspondence concrete
for the four reciprocal pairs: temperature, humidity,
wind speed, and precursor levels track each other
within each pair, not only their ozone cycles.

This also gives the Step-1 ambiguity around clus-
ter B3 a second, independent line of evidence, rather
than leaving it as a possible ozone-only artifact: in
the auxiliary-variable space, B3’s closest Scenario A
match is again AO (its Step-1 reciprocal partner),
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cluster composition overlaid as semi-transparent histograms (Scenario A: clusters A0-A4; FEO: clusters B0-B4,

same palettes as Figure 13).

and its second-closest is again A4 (B3’s unrecipro-
cated secondary suitor from Step 1, flagged above)
— the same fuzziness reappears in a completely inde-
pendent set of variables (Supplementary Figure D17),
consistent with B3 genuinely sitting at a blend of
regime types rather than the clustering being unable
to separate them only because of how ozone alone was
measured.

Step 2: does the geometry hold up
dynamically?

Geometric proximity between centroids is a static,
cross-sectional statement: it does not establish
whether the sequences that produced those centroids
also behave similarly over time, with comparable fre-
quencies, without systematic phase offsets, and with
similar patterns of regime succession. To test this, we
constructed three complementary statistics, all using
the Step-1 distance matrix as their common measure
of physical similarity between clusters.

The first is a distance-weighted version of Cohen’s
kappa, the same statistic used for cross-station com-
parability in Section 4.2, but with its usual exact-
match scoring replaced by a graded penalty propor-
tional to centroid distance. Thus, days assigned to
reciprocal pairs contribute as near-matches rather

14

than mismatches. This statistic captures day-aligned
physical similarity while correcting for chance agree-
ment given each series’ own cluster frequencies.

The second, used as a more conservative corrob-
orating check, is a banded DTW alignment, which
uses the same distance matrix as a local substitution
cost to align the two label sequences within a +14-
day window (the timescale of synoptic persistence),
testing whether a plausible temporal offset improves
the match.

The third is a transition-matrix comparison. Each
series’ first-order Markov transition matrix — repre-
senting the day-to-day probability of switching from
one regime to another — is translated into the other
series’ label space through a soft, distance-weighted
mapping, after which the two matrices are compared
entrywise. Unlike the other two statistics, this mea-
sure is insensitive to day-level alignment and to the
overall frequency of the regimes. It therefore tests
specifically whether the pattern of regime succession
is similar in the two series.

Before applying these statistics to a comparison
whose answer was not known in advance, we vali-
dated all three against two positive controls — cases
where genuine recurrence was expected on indepen-
dent grounds — each designed to isolate a different
source of uncertainty in the pipeline. The first, FEO’s
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Period 1 versus Period 3 using the same trained
model, requires no cross-model mapping at all, since
both periods already share one label alphabet; it tests
whether the three statistics themselves can detect
known recurrence under the simplest possible condi-
tions. The second, FEQO’s Period 2 versus Period 3
using two independently retrained k=5 models with
their own freshly computed distance matrix, adds
back the full cross-model mapping step — exactly as
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required for the Scenario A versus B comparison —
while still comparing periods from the same station,
where recurrence remains the expected outcome (full
protocol in Supplementary Material D). Distance-
weighted kappa and the transition-matrix comparison
detected the expected recurrence reliably in both
controls. Banded DTW detected it in the simpler
case but lost significance once the cross-model map-
ping was added, pinpointing that step, rather than
the statistic itself, as its weak point; accordingly, we
report its result below as corroborating rather than
primary evidence.

Application: which of Scenario B’s years
most resembles Scenario A?

Scenario A spans a single year (2015-03-01 to 2016-
02-29). We compared it against each of the three com-
plete March-to-March years available at FEO, aligned
by day-of-year (365 days each). All three years show
significant kappa and significant transition-matrix
correspondence with Scenario A, yielding a stronger
and more consistent result than either validation
case considered separately (Table 7, Figure 16). The
two statistics nevertheless disagree on which year
is “most similar”: kappa ranks 2021-2022 highest
(day-level physical similarity, 0.166), whereas the
transition-matrix comparison ranks 2023-2024 high-
est (switching dynamics, 7 = 0.400). This mirrors
the disagreement between complementary criteria
observed for cluster B3 in Step 1 and underscores that
“more similar” is not a single quantity, but depends
on the aspect of similarity being considered.
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DTW shows the same overall tendency but
reaches significance only for 2021-2022: of the three
years, only this comparison rejects the null at
Dadj < 0.05. This is consistent with DTW being the
least sensitive of the three statistics once genuine
cross-model uncertainty is introduced (Supplemen-
tary Material D).

FEO year Kappa DTW 2z (paqj) Transition r
2021-2022  0.166*  1.67% (0.033) 0.270*
2022-2023  0.148* 1.47 (0.123) 0.374%*
2023-2024 0.111* 1.23 (0.148) 0.400*

Table 7: Scenario A vs. each complete March-
to-March year at FEO. Asterisks denote p,q; <
0.05 (3 comparisons, 2000 permutations). DTW
z is sign-flipped so that, as with kappa and the
transition-matrix correlation, a larger positive
value indicates stronger correspondence with the
null.

e 2=1,96 (p = 0.05)
[0 Weighted kappa
7 @ Banded DTW (sign flipped)
I Transition matrix

Permutation z-score
&

2021-2022 2022-2023 2023-2024

Fig. 16: Summary z-scores of Table 7, by year and
statistic.

Two findings stand out from this comparison.
First, we obtain an internally validated framework for
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comparing independently trained clustering solutions
within the same airshed: distance-weighted kappa
and the transition-matrix comparison successfully
recovered known recurrence in the validation cases,
supporting their application to the cross-model com-
parison above. Second, the empirical correspondence
between Scenario A and Scenario B is stronger than
the geometric correspondence in Step 1 alone would
suggest: across every year tested, the regimes cor-
respond not only in aggregate frequency but also
in the day-to-day pattern of regime succession. This
provides evidence that the regime-label approach gen-
eralizes across independently trained models fitted to
non-overlapping data, rather than only across sta-
tions or years within a single model. For the specific
question motivating this section, 2021-2022 emerges
as the closest FEO year to Scenario A, agreeing
with it on two of the three independent criteria: it
has the highest day-level physical similarity (kappa)
and is the only year for which DTW reaches sig-
nificance. The transition-matrix comparison alone
instead favors 2023-2024, underscoring that “most
similar” depends on which aspect of similarity is
being considered.

Discussion

The two scenarios analyzed here serve different pur-
poses, and this discussion follows that division: Sce-
nario A’s short, chemically detailed campaign is
where the daily ozone cycle can be interpreted as a
signature of the underlying photochemistry; Scenario
B’s multi-year operational network is where that same
signature becomes a tool for comparing stations and
years directly; and their independent combination
provides the most stringent test of the approach.
We discuss these contributions in turn, then consider
what the comparability result implies for air-quality
monitoring beyond Querétaro and where the study
design limits the conclusions that can be drawn.



What Scenario A reveals about ozone
formation in Querétaro

Taken together, the five regimes identified in Sce-
nario A (Section 3.1.2) point to two controlling factors
operating in sequence rather than to a single dom-
inant process. In the cool months, fresh emissions
and their precursors accumulate through the morning
without sufficient sunlight for efficient photochemical
processing, so ozone remains low even when precursor
availability is high. In these conditions, precursor sup-
ply is therefore not the primary limiting factor. In the
hot months, a similar or even smaller precursor supply
is processed much more efficiently, producing a faster
rise and a substantially higher afternoon peak. What
distinguishes an ordinary day from an ozone episode
in Querétaro, in other words, appears to be less the
amount of morning traffic emissions than the amount
of sunlight available to process them. A third, inde-
pendent axis—wind-driven ventilation—can override
either seasonal pattern by dispersing accumulated
precursors and secondary aerosol regardless of sea-
son. Querétaro’s ozone dynamics are therefore better
understood as the result of radiation and ventilation
acting on a comparatively stable precursor supply,
rather than as a system directly limited by precursor
availability.

This ventilation effect is concrete rather than
inferred. In Scenario A it isolates cleanly in clus-
ter 3, whose near-unidirectional wind above 5 m/s
coincides with the lowest levels of nearly every mea-
sured precursor and particulate species among the
five clusters (Section 3.1.2). The same signature —
elevated wind speed paired with depressed precur-
sor and particulate loading — reappears independently
in Scenario B’s cluster 2 (Section 3.2.2), a network
measured at different sites, in a different decade,
and processed by an independently trained cluster-
ing model. This convergence across two datasets that
share no stations, years, or instrumentation indicates
that wind-driven ventilation is a genuine, transfer-
able control on Querétaro’s ozone cycle rather than
an artifact of either dataset (two further, less resolved
structural signatures in Scenario B are examined in
Supplementary Material C.1).

The cool-season/warm-season contrast described
above — muted photochemistry and primary-pollutant
buildup in the former, radiation-driven ozone and sec-
ondary loading in the latter — parallels a dichotomy
that Salcedo et al. (2023) established directly from
aerosol composition at this site: primary, combustion-
dominated aerosol in the dry-cold season versus peak
ozone with regionally influenced secondary loading
in the dry-warm season. The parallel holds at a
finer timescale than the original comparison: here it
emerges at the scale of individual daily cycles, rather
than seasonal averages.
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What the daily-cycle partition adds to this sea-
sonal picture is resolution at the scale of individual
days: the primary/secondary dichotomy is not only a
seasonal average but also a recurring day-type struc-
ture that can be identified from the ozone cycle alone.
The wind-ventilated regime further shows that this
structure can be interrupted even within an other-
wise favorable season, revealing a layer of variability
that seasonal binning cannot resolve. Whether the co-
occurrence of high-ozone and high-secondary-aerosol
days reflects the same nighttime NOj3 pathway or a
distinct, more directly photochemical process remains
unresolved. Salcedo et al. (2023) found nitrate for-
mation at this site to be essentially decoupled from
the same night’s ozone concentration, so the day-level
association reported here should not be interpreted
as evidence for that specific nocturnal mechanism
without nighttime chemical speciation resolved at
the level of individual regimes—a natural target for
future measurements, but one that this dataset alone
cannot resolve. The airshed has also continued to
change since these regimes were characterized: a
repeat campaign at the same site in 2022 measured
a substantially higher aerosol burden than during
the 20152016 period analyzed here Olivares-Salazar
et al. (2025). This places Scenario A’s day-type struc-
ture within a documented period of change in the
local airshed, which Section 4.3 examines directly for
ozone using the longer, multi-station record.

Scenario B: one network, not five
separate stories

On any given day, Querétaro’s five monitoring sta-
tions show strong agreement in which regime is
occurring (Section 4.2): a hot, dry, high-ozone day
at one site is substantially more likely to coincide
with the same regime at the other stations than
with any alternative regime. High- and low-ozone
days therefore appear to unfold as metropolitan-
scale events, consistent with a regional meteorological
driver rather than being primarily determined by
station-specific conditions. For air-quality monitor-
ing, this regional synchrony is useful because each
station provides information about the broader atmo-
spheric state while retaining site-specific information
about how frequently different regimes occur at that
location.

That agreement, however, concerns which regimes
occur, rather than how frequently they occur. Each
station exhibits a distinct distribution of regimes,
with a greater frequency of the hottest and driest
regime at the denser urban core and industrial site,
and a greater frequency of the cooler and wetter
regime at the outlying municipality. These differences
likely reflect local land-use characteristics in addition
to variations in synoptic meteorological conditions.
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987 Reducing the network to a single representative sta-
988 tion would therefore preserve the shared regional
989 signal but obscure an important aspect of spatial vari-
990 ability: the site-specific frequency with which a given
991 location experiences conditions relevant to exposure.
992 The five stations can thus be considered as a coherent
993 regional network while retaining meaningful differ-
994 ences in regime occurrence that would be lost through
995 spatial aggregation.

996 The same representation turns interannual vari-
997 ability from a source of noise to be averaged away into
998 a diagnostic in its own right. Comparing regime com-
999 position across periods shows that several station—

1000 period pairs, concentrated at the industrial site and
1001 one urban station, cannot be reliably pooled with
1002 earlier years without obscuring meaningful changes
1003 in regime occurrence, whereas others—including one
1004 urban station throughout the record and most periods
1005 at another—show sufficient consistency to support
1006 pooling. Where pooling is not appropriate, the tem-
1007 poral shift is physically interpretable: these stations
1008 spent a measurably larger fraction of recent years
1009 under hot, dry, rapidly rising, high-ozone conditions,
1010 and a correspondingly smaller fraction under cool,
1011 wet, weakly varying ozone cycles, than they did ear-
1012 lier in the record. Because a similar shift occurs
1013 at three geographically separated stations, the pat-
1014 tern is more consistent with a regional tendency—
1015 potentially associated with warmer and drier inter-
1016 annual conditions—than with a change confined to a
1017 single site. The most direct implication is therefore
1018 not simply year-to-year variability, but a shift in the
1019 regional frequency of conditions associated with ele-
1020 vated ozone, with potential consequences for ozone
1021 exposure.

1022

1023 Cross-model comparability: a

1024 pnon-trivial result for monitoring

1025
1026 Everything described above derives from a single

1027 model trained on a single dataset. A more strin-
1028 gent test is whether the same regimes remain iden-
1029 tifiable when two entirely independent datasets—
1030 from different sites, different time periods, and dif-
1031 ferent measurement systems, with models trained
1032 independently—are used to characterize the same
1033 atmospheric system. This comparison brings together
1034 Scenario  A’s  short, chemically rich campaign
1035 and Scenario B’s multi-year operational network
1036 (Section 4.4). No correspondence between the result-
1037 ing regimes was assumed a priori: because the two
1038 models were trained independently, using data col-
1039 lected years apart at different sites and with different
1040 instrumentation, they could have identified substan-
1041 tially different partitions of the ozone cycle.

1042 They did not. The regimes identified by the two
1043 models correspond not only in the shape of the ozone

1044
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cycle—the feature used to distinguish the regimes—
but also independently in temperature, humidity,
wind, and precursor loading, none of which was used
by either clustering model to define the regimes. The
correspondence therefore extends beyond similarity
in ozone-cycle shape: the regimes capture coherent
atmospheric states in which meteorological condi-
tions and precursor chemistry vary systematically
with ozone across both datasets. This correspondence
was also evident in the temporal dynamics, rather
than only in average regime characteristics. When
the practical question was posed of which recent
years in Scenario B most closely resembled those in
Scenario A, the results were consistent across inde-
pendent comparisons based on both the similarity of
individual days and the similarity of regime-to-regime
transitions.

The practical implication is particularly rele-
vant for monitoring networks that lack the chemical
detail available in Scenario A. Most operational net-
works more closely resemble Scenario B: they provide
continuous, lower-cost measurements but lack the
instrumentation typically available during intensive
research campaigns. The present results show that
such networks can nevertheless be compared with
chemically richer campaigns conducted at other sites,
without requiring repeated deployment of the same
intensive instrumentation. Once daily ozone behav-
ior is represented by a regime label, comparisons
across stations, years, and independent studies can
be performed at the level of regime correspondence,
rather than requiring identical measurement windows
or instrumentation. In this sense, historical inten-
sive campaigns retain analytical value beyond their
original measurement period: the chemically resolved
regimes they characterized can recur at other sites
and at later times, and operational networks with
more limited chemical measurements can identify
their occurrence through the corresponding regime
structure.

This result should not, however, be overinter-
preted. As an exploratory check — not a confirmatory
test, given the limited number of independent station-
years available — we asked whether cross-model sim-
ilarity could serve as an early-warning indicator of
longer-term changes in temperature, humidity, or
pollutant levels—an appealing extension given that
regime correspondence is associated with these vari-
ables. Across all five Scenario B stations and every
complete year available, we found no clear associ-
ation with such changes. Regime labels summarize
the type of day that occurred rather than the mag-
nitude of any individual underlying variable, placing
a clear limit on their use: the framework provides a
basis for comparing atmospheric regimes, but it does
not substitute for direct measurements when quanti-
fying temporal trends in their constituent variables.
The interannual shift in ozone documented above was



therefore established through more direct analyses
and remains independent of this exploratory result.

One practical choice remains, and it is a method-
ological choice rather than an intrinsic property of
the method: the resolution at which the regime space
is partitioned. This choice is not symmetric: k = 2 is
supported by every validation criterion in both sce-
narios (Supplementary Material A), whereas k = 5
rests on the elbow heuristic alone, with the remaining
criteria weak or divided. The coarser and more robust
partition is sufficient for comparing regime preva-
lence across stations or characterizing broad shifts
in the hot—cool balance over time. Detecting subtler
interannual changes or finer within-season structure,
however, may require the exploratory finer parti-
tion, whose process-level interpretations in this study
should accordingly be read as hypothesis-generating
rather than as confirmed structure. Applications of
this approach should therefore select the level of
resolution according to the specific comparison or
research question, rather than treating a single parti-
tion as universally optimal.

Limitations

This is an observational study rather than an exper-
imental investigation: the interpretation of ozone
mechanisms in Section 5.1 is based on convergent
statistical associations rather than controlled manip-
ulation, and several mechanistic questions there-
fore remain unresolved. Moreover, the analysis is
restricted to a single metropolitan area. Whether the
observed regime structure and cross-dataset compa-
rability extend to other urban environments, monitor-
ing networks, or pollutants remains an open question
for future research.

A related point concerns the cross-model compar-
ison of Section 4.4: because Scenario A and Scenario
B measure the same regional atmosphere, that com-
parison tests transferability across instrumentation,
time period, and independently trained models within
a single airshed, not across genuinely independent
urban environments. A stronger test of geographic
transferability would compare against a chemically
resolved campaign from a different city, which is
beyond the scope of the present datasets.

Two further design choices were fixed a priori
rather than validated against alternative specifica-
tions: the 25-hour representation of the daily cycle
(Section 2.2), and the specific percentile thresholds
(75th/25th) defining the operational high-ozone/low-
NO,, /high-secondary-aerosol criterion (Section 3.1.1).
We have no specific reason to expect either choice
to qualitatively change the cluster structure reported
here; both were subsequently tested for sensitivity,
with results reported in Supplementary Material A.

A further limitation concerns the Scenario B
period (2021-2024), which partially overlaps with
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Mexico’s post-COVID economic and activity recov-
ery. The year showing the greatest seasonal diver-
gence across the network was also the earliest in
this period, and the available data do not allow us
to fully disentangle a genuine activity-related sig-
nal from effects associated with incomplete station
coverage during that year. We therefore treat this
factor as a potential confounder rather than attempt-
ing to resolve its contribution from the available
data. Extending the record to include additional years
before and after the recovery period would provide
a stronger basis for distinguishing these alternative
explanations.

Conclusion

This study addressed two questions concerning
Querétaro’s diurnal ozone cycle: what the cycle
reveals about the processes shaping ozone variabil-
ity in the region, and whether the same signal can
be compared across stations, years, and indepen-
dent studies without requiring each comparison to
be developed anew. The two-cluster partition pro-
vided the robust framework for the latter objective,
remaining consistent across clustering methods and
validation criteria. The finer, exploratory five-cluster
partition — supported primarily by the elbow heuris-
tic rather than by the full set of validation criteria
(Section 2.2) — provided additional resolution for
the former, distinguishing radiation-driven and wind-
driven ventilation regimes as two physically inter-
pretable, though hypothesis-generating, controls on
the diurnal ozone cycle. Together, these results com-
plement and extend the seasonal and composition-
based characterization previously established for this
airshed.

The central result is the transferability of the
regime representation across space and time. Same-
day regime agreement across Querétaro’s five moni-
toring stations is far above chance, while each station
retains its own regime distribution — a distinction
examined in Section 5.2. Regime composition also
changes measurably over only a few years at four
of the five stations, most often toward a greater
frequency of hot, dry, high-ozone regimes, though
not uniformly across the network — a shift consis-
tent with increasing conditions conducive to ozone
exposure rather than simple year-to-year variability.
Most importantly, the same regimes identified inde-
pendently by a short, chemically detailed campaign
and a multi-year operational network correspond not
only in ozone-cycle shape but also in meteorologi-
cal conditions and precursor chemistry that were not
used to define either clustering solution.

This latter result has broader implications for
air-quality monitoring beyond Querétaro, where rou-
tine networks typically offer Scenario B’s coarser
measurement capabilities rather than Scenario A’s
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1103 chemical depth. The present results show that such
1104 networks can remain comparable across years, neigh-
1105 boring stations, and chemically richer campaigns
1106 conducted at other sites and times, without requiring
1107 equivalent instrumentation. This comparability is not
1108 automatic and should be demonstrated rather than
1109 assumed, nor does it replace direct measurements
1110 when the objective is to quantify long-term trends
1111 in the variables underlying the regimes. Neverthe-
1112 less, regime-based representation provides a common
1113 framework through which heterogeneous ozone mon-
1114 itoring datasets can be compared. Because Scenario
1115 A and Scenario B measure the same regional atmo-
1116 sphere (Section 5.4), the present results establish this
1117 transferability within a single airshed, across instru-
1118 mentation and time; whether the approach extends to
1119 genuinely independent cities and monitoring networks
1120 remains to be tested rather than assumed.

1121 Supplementary information. Beyond the core
1122 analyses presented in the main text, Supplemen-
1123 tary Material provide additional methodological and

1124 diagnostic detail.
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