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Regional flow climatology for central Mexico (Querétaro): A first case study
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RESUMEN

Se estableci6 una climatologia de flujo para el Area Metropolitana de Querétaro (MAQ), en el centro de
México, mediante el analisis de cuatro afios (2014-2017) de retrotrayectorias generadas mediante el modelo
HYSPLIT. Se encontraron dos regimenes de flujo: uno de junio a septiembre (régimen lluvioso) y el otro
de diciembre a mayo (régimen seco). Octubre y noviembre se consideraron meses de transicion. Los flujos
del noreste estuvieron presentes durante todo el afo; en contraste, las trayectorias desde el suroeste fueron
mucho menos frecuentes y se observaron principalmente durante el régimen seco. Un analisis de los campos
de viento de la base de datos del North American Regional Reanalysis (NARR) durante un periodo de tiempo
mas largo (1979-2019) sugiere que estos resultados son representativos de las condiciones promedio de la
atmosfera en el sitio de estudio. Algunas de las trayectorias observadas hacia el noreste se originan dentro
de una region desértica del estado de Querétaro, donde se ubican varias minas de piedra caliza. Durante el
régimen seco y los meses de transicion, algunos clusteres se originan en el area industrial de Guanajuato, que
incluye la refineria de Salamanca. Dado que el transporte aéreo de contaminantes sigue estos caminos, este
analisis podria ser 1til para identificar fuentes regionales que afecten al MAQ y posiblemente aumenten su
carga de contaminacion del aire. De hecho, la variabilidad de las concentraciones de contaminantes criterio
coincidio6 con los regimenes de flujo descritos anteriormente.

ABSTRACT

A flow climatology was established for the Metropolitan Area of Querétaro (MAQ) in central Mexico, by
analyzing four years (2014-2017) of back-trajectories generated using the HY SPLIT model. Two flow regimes
were found: one from June until September (rainy regime); the other from December to May (dry regime).
October and November were considered transition months. Northeasterly flows were present throughout the
year; in contrast, trajectories from the southwest were much less frequent and observed mainly during the dry
regime. An analysis of the wind fields from the North American Regional Reanalysis (NARR) database for a
longer period of time (1979-2019) suggests that these results are representative of the average conditions of the
atmosphere at the study site. Some of the northeasterly trajectories observed originate within a dessert region
of the state of Querétaro, where several limestone mines are located. During the dry regime and transition
months some clusters originate at the industrial area in Guanajuato, which includes the Salamanca refinery.
As air transport of pollutants follow these paths, this analysis could be useful for identifying regional sources
that affect the MAQ and possibly increase its air pollution load. In fact, the variability of criteria pollutants
concentrations matched the flow regimes described above.
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1. Introduction

Inefficient use of fuels and energy processes in
growing urban areas are associated with poor air
quality, which has important implications on health
and climate change at local, regional, and global
scales. The region in central Mexico known as El
Bajio, with a population of approximately 20 million,
is a major center of economic activity that includes
large, industrialized cities such as Guadalajara,
Leén, Querétaro, and Aguascalientes, as well as the
Salamanca refinery. Manufacturing and transporta-
tion are probably the most important anthropogenic
activities with emissions to the atmosphere in this
region (INEGI, 2015). Air quality in the main cities
of El Bajio is often reported as bad; however, there is
a lack of understanding of the origin (emissions and
transport) of air pollutants in this region despite its
large population and economic relevance (INECC,
2019). Without such knowledge, policy makers can-
not develop environmental and economic policies
leading to a more orderly planning and sustainable
growth, and to improvements in air quality, protec-
tion of public health, and mitigation of the effects of
climate change.

The Metropolitan Area of Querétaro (MAQ) lo-
cated 200 km north of Mexico City on the southeast
border of El Bajio, is one of the fastest growing urban
areas in Mexico, with a population of 1.3 million in
2015. In addition to local industry and traffic, the MAQ
is surrounded by important area sources such as the
industrial corridor Ledn-Irapuato-Salamanca, where
the Salamanca refinery is located. Little is understood
about the interactions between emissions, air quality,
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and climate in the MAQ and El Bajio, and it is unclear
how regional sources of emissions might be affecting
the concentrations of pollutants measured at the MAQ
in contrast to local human activities.

A flow climatology identifies the main pathways
of atmospheric transport, based on the classification
of multiple simulated Lagrangian back-trajectories
arriving at a certain place of interest (Katsoulis, 1999;
Markou and Kassomenos, 2010; Stein et al., 2016),
and it is valuable for a regional source contribution
assessment because it can show the underlying wind
patterns that drive atmospheric transport in a given
region and may point to source-receptor relationships
for pollutants.

In this paper we analyze and classify four years
(2014-2017) of back-trajectories to the MAQ, gen-
erated using the Hybrid Single Particle Lagrangian
Integrated Trajectory (HY SPLIT) model (Stein et al.,
2016), in order to generate a flow climatology for the
region. Climatological surface data was used to vali-
date the back-trajectory classification, and to identify
a connection between the seasonality of flow regimes
and variables such as precipitation and temperature.
The North American Regional Reanalysis’ (NARR)
derived wind fields in a larger time frame (1979-
2019) were used to validate the representativeness
of the proposed flow climatology.

2. Methodology
2.1 Study region
The MAQ (Fig. 1) is the capital city of the state
of Querétaro, which is surrounded by the states of
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Fig 1. Study region. The green triangle represents the receptor site; black stars represent main urban areas; blue circles
represent the climatological stations from the Servicio Meteorologico Nacional (National Weather Service).
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Guanajuato, Hidalgo, San Luis Potosi, Michoacan,
and the State of Mexico. Querétaro and Guanajuato,
together with Jalisco, Zacatecas and San Luis Potosi
comprise El Bajio.

The orography of the region is defined by three
key features: (1) the Trans-Mexican Volcanic Belt,
which runs northwest to southeast, and where the
MAQ is located; (2) the Central Mexican Plateau,
which lies northwest and west of the MAQ, and (3)
the Sierra Madre Oriental, a mountain range running
northeast and east of the MAQ, beyond the limits of
the Central Plateau. The Sierra Madre Oriental great-
ly affects precipitation as it forces orographic lifting,
promoting rain on the windward side and inhibiting
it on its leeward side.

The receptor site for this study was located at
the National University Campus Juriquilla (JUR)
on the northern border of the MAQ (20° 35° 35” N,
100° 23”32 W, 1945 masl) because it is the host of
a monitoring station, part of a University Network
of Atmospheric Observatories. The station collects
atmospheric data such as meteorology parameters
and concentration of criteria pollutants.

2.2 Trajectory calculations

Four years (January 2014 to December 2017) of
three-dimensional 12-h back trajectories reaching the
JUR site, were calculated using the HY SPLIT mod-
el release 4.9 (Draxler and Hess, 1998; HYSPLIT,
2021). Trajectories were calculated at 100 and 500 m
above ground level (magl) every 6 h (05:00, 11:00,
17:00, and 23:00 UTC). UTC time corresponds to
local time minus 6 h in general, or minus 5 h during
daylight saving time. Twelve-hour trajectories were
chosen in order to keep the uncertainty results as
small as possible, while encompassing important
regional sources such as industrial parks and the Sal-
amanca refinery. The HYSPLIT toolbox for Python
(PySPLIT, 2021) was used to automatize trajectory
generation and analysis (Warner, 2018).

HYSPLIT was driven by the wind fields from the
North American Mesoscale (NAM) model, which
is maintained by the National Centers for Environ-
mental Prediction (NCEP) of the National Ocean
and Atmospheric Agency (NOAA) with a horizontal
resolution of 12 km (NAM, 2021).

As a control mechanism, a verification process
was carried out in order to detect and estimate the

HYSPLIT integration error. This process consisted
in generating the inverse (forward trajectory) for all
the trajectories. A relative error was calculated as
the distance between the start of the back trajectory
and the end of the forward trajectory, divided by the
total distance of both trajectories. Figure S1 in the
supplementary material shows the relative errors for
all trajectories calculated each month.
Homogenous groups of transport patterns were
identified using Ward’s agglomerative hierarchical
clustering algorithm, which is included in the HY-
SPLIT desktop package used to run the model. We
looked for the minimum number of clusters that
represent all possible flow patterns, using the total
spatial variance (TSV) as an aid in this process.

2.3 Surface data

Criteria pollutants (SO, O3, NO, CO, PM;, and
PM; 5) concentration, and surface wind direction
and speed data at the JUR monitoring station was
obtained from the network website (RUOA, 2021).
Wind data goes from June 2014 to December 2017,
and pollutants data starts on august in August 2014.
CO data ends in November 2017, and NO, in Sep-
tember 2017.

Additionally, temperature and precipitation data
at 11 climatological stations close to the receptor
site was obtained from the Servicio Meteoroldgi-
co Nacional (National Weather Service, SMN)
(CONAGUA, 2021). All stations are randomly
scattered across the region surrounding the MAQ in
the states of Querétaro and Guanajuato (see Table
SI and Fig. 1).

3. Results and discussion

3.1 Trajectories

Some files from the NAM database were corrupted
or not available for downloading. Therefore, 2%
of the trajectories could not be simulated. In addi-
tion, trajectory integration errors greater than two
standard deviations of the average relative error
of the month (approximately 5% of the total) were
discarded. All the remaining trajectories (a total of
5490) were grouped by month, independently of the
year. Next, the clustering algorithm was applied to
obtain the main transport pathways for each month.
This procedure was performed separately for both
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the 100 and 500 magl trajectories, and the results
are shown in Figures 2 and S2, respectively. The
comparison of both figures shows that flow regimes
at both heights are similar; albeit slightly faster at
500 magl, as the wind above is less affected by the
surface. The similarity between heights is in agree-
ment with other authors (Eneroth et al., 2003; Markou
and Kassomenos, 2010). Because of this, and the fact
that emission sources lie on the first 100 m above the
surface, we will focus on the results for 100 magl in
the rest of the manuscript.

We also calculated the mean direction of all tra-
jectories considering the angle of the vector differ-
ence between their endpoint and starting point, and
classified them as northeast (NE, 1-90°), southeast
(SE, 91-180°), southwest (SW, 181-270°) and north-
west (NW, 270-360°). Figure 3 shows the percent of
trajectories with a given direction in each month at
100 magl. The figure clearly shows that from June to
October, more than 80% of the trajectories originated
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NE from the MAQ, in contrast to December to April
with less than 50% of trajectories with this direction.

3.2 Surface wind and climatology data analysis
Figure 4 shows the monthly frequency of wind di-
rection, as measured at the JUR station from June
2014 until December 2017. In general, winds were
observed predominantly from the NE from June to
October. However, starting November, northerly
winds increased their frequency becoming predom-
inant in January and February. From December until
May, strong winds from the southwest were also
observed. Wind roses for these months show a wider
and more homogenous distribution of wind direction.
Previous studies show that wind direction measured
at JUR is coherent with wind direction measured in
other sites within the MAQ (Camacho-Diaz, 2013;
Olivares-Salazar, 2016), which suggests that the
transport pathways found in this work might apply
to the whole urban area.
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Fig 2. Monthly trajectory clusters calculated for the period 2014-2017, at
100 magl. The thickness of each line is proportional to the percent of trajectories
in each cluster, which is specified for each month.
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The climatological data of the selected 11 stations
in the region is shown in Figure 5. The months with
highest precipitation were June to September, with
very little precipitation from November to April.
Although the variability on precipitation reported
among stations increased during the rainy months,
the trend was the same for all stations. On the other
hand, temperature increased from January until May,
when it reached its maximum. After the rainy months
began, temperature dropped a couple of degrees and
remained relatively constant until October, when it
started to drop again, reaching a minimum in De-
cember.

3.3 Seasonal transport pathways
The comparison of trajectories direction variability
with local and regional wind and rain conditions
shows that they all were consistent among two
regimes. The temperature did not seem to have a
correlation with those regimes.

The rainy regime, from June until September, was
characterized by the largest amount of precipitation
during the year. In these months, the flow regime was
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overwhelmingly from the east and northeast, which
was clear in both the trajectories (with as few as 5%
of the simulated trajectories coming from any other
direction) and the wind roses at the receptor sites.

From December to May, very little precipitation
was observed, so we defined this period as the dry
regime. During these months, the flow regime had an
important fraction of trajectories from the NE; how-
ever, many were also from the south and west. For
March and April, this flow makes up approximately
50% of the total flow. This agrees with wind roses at
JUR, which show winds coming from the north and
NE, as well as SW

Surface measurements show an important north-
erly component of the wind for January and Feb-
ruary, which is not present in the trajectory results.
This situation could be explained by a microscale
flow that is not captured by the 12-km NAM model.
Other studies which include wind surface mea-
surements at different points at the MAQ do not
show this northerly component (Camacho-Diaz,
2013; Olivares-Salazar, 2016), which supports this
explanation.
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Fig 5. Temperature and rain data from the 11 climatological
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October and November did not exhibit consistent
behavior among all the variables being considered;
hence, we classified them as “transition months”.
For example, October exhibited some rain, and had a
wind rose at JUR similar to the one during the rainy
regime; but the trajectories from the SW were more
frequent, exhibiting a similar pattern to the one seen
in November.

Based on this classification, trajectories were
grouped by regime and the clustering algorithm was
applied again, obtaining the main transport pathways
for each regime, shown in Figure 6. This figure
constitutes the flow climatology of the MAQ and
surrounding region for the period 2014-2017.

In order to validate the proposed flow climatology,
we employed the NARR database (Mesinger et al.,
2006; NARR, 2021), which uses the high resolution
NCEP Eta Model (32 km/45 layers) together with the
Regional Data Assimilation System (RDAS) to gener-
ate outputs every 3 h. Figure 7 shows wind field data in
two different time ranges: 2014-2017, corresponding
to the same period as the trajectories calculated in this
work; and 1979-2019, corresponding to the climatolo-
gy of the region. The wind directions observed during
2014-2017 are similar to those during the climatology
(1979-2019); however, winds seem to be somewhat
weaker during 2014-2017 in December-May and Octo-
ber-November, but stronger in June-September. These
results indicate that the years studied in this work were
not atypical in comparison with a longer timeframe.

In the comparison between the trajectories produced
and the NARR (2014-2017) (Figs. 6 and 7) there is a
coincidence between the direction of the most frequent
trajectories and the average wind during the three re-
gimes. During December-May, it is also observed that
the receptor site is located in a convergence zone, which
is why the dominant components of the trajectories are
located in the NE and SW. Finally, it is evident that the
trajectories and the winds derived from NARR have
shorter paths that follow the surface topography. This is
also observed in a closer look at the trajectory’s paths:
they never cross the highest topographic features (>
2200 masl) such as the Trans-Mexican Volcanic Belt
and the Sierra Madre Oriental.

3.4 Criteria pollutants
Figure 8 shows the monthly mean and standard devi-
ation concentration of SO,, CO, NO, Os, PM,,, and

PM, s at the receptor site during the study period. All
these pollutants displayed two maxima in December
and April or May, with the exception of O3, which only
displayed the April maximum. The lowest concentra-
tion of O3 was observed in December; for the rest of the
pollutants, the minimum was observed in September.

SO,, CO, NO, and PM/ are primary pollutants
whose concentrations are strongly related to emis-
sions and transport. The main emission source of
SO, is industry which, for the MAQ, represents a
regional source (for example, the industrial corridor
Leodn-Irapuato-Salamanca). CO and NO are of indus-
trial origin; however, they are also locally emitted
by vehicles. PMj is mainly regionally emitted by
industry, and by resuspension in a semi-arid climate.
Hence, it is unsurprising that the highest concentra-
tions of these pollutants were observed during the dry
season, when winds from the west were observed.
The two maxima observed in the concentrations
during this regime were probably related with me-
teorological factors such as temperature inversions
during the coldest months.

In order to explore the relationship between the
estimated trajectories, regional emissions, and pol-
lutant concentrations at MAQ, we determined the
frequency of the mean direction (see section 3.1) of
the trajectories in days with high and low concentra-
tions of SO, at the receptor site during the dry regime.
To do so, we calculated the media (C) and standard
deviation (SD) of the daily averages of SO, concen-
trations. Days with daily average SO, > C + 2SD were
classified as high SO, concentration level; days with
daily average SO, < (C - 2SD) were classified as low
SO, concentration level. Figure 9 shows the percent
of trajectories with a given mean direction for days
with high and low SO, concentrations at 100 magl
during the dry regime. Results indicate that during
high SO, days, 70% of the trajectories originate on
the SW direction. In low SO, days, only 40% of the
trajectories originate on this direction and 50% on the
NE direction. These results suggest that emissions on
the SW quadrant might be affecting the air quality
at MAQ.

For O3, being a secondary pollutant, its concen-
tration might be more dependent on meteorological
conditions that affect reaction rates, such as tem-
perature and radiation, rather than on wind direction.
In the beginning of the year, high temperatures and
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Fig 6. Flow climatology of the MAQ and surrounding region for the period 2014-2017, at 100 magl.
The thickness of each line is proportional to the percent of trajectories in each cluster.
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radiation combined with weak winds (Fig. 4) might
generate the large O3 concentrations observed. The
same is observed in Mexico City, where the O3 season
spans from mid-February to mid-June (Zavala et al.,
2020). For the MAQ, transport of ozone precursors
from the industrial areas during the dry regime, might
also contribute to the high concentrations of this gas.
During the rainy regime, with no winds from the
west, as well as faster local winds and rain, pollutants
concentrations decreased.

4. Conclusions

Each cluster in Figure 6 represents a main transport
pathway of the flow regime towards the MAQ. The
percentage of trajectories assigned to a cluster (and
the thickness of the line) indicates the expected fre-
quency of the air following the path of that cluster
during that regime. It is evident that a NE flow is
present throughout the year. Trajectories from the
SW also occur all year long, but they are much less
frequent during the rainy regime and the transition
months. The clustering algorithm groups trajectories
not only by mean direction, but also by longitude
and curvature. Hence, short clusters are composed of
slow-moving trajectories or trajectories with a high
degree of curvature that remain close to the receptor
site. The meteorological conditions that give rise to
this kind of flow are calm winds or recirculation.
The result of both is that air might remain stagnant
above the same area facilitating the concentration of
pollutants. These clusters are observed during the dry
regime and transition months.

It is important to remark that the analyzed period
(2014-2017) is consistent with a longer period of
time (1979-2019), which implies that the results
adequately represent the average conditions of the
atmosphere at the study site. Furthermore, the wind
patterns of El Bajio are strongly related to the orog-
raphy of the region.

Some of the trajectories from the NE originate
within a desertic region of the state of Querétaro (NE
from the MAQ), where several limestone mines are
located. Dust resuspension might be common there,
especially during the dry months. During the dry
regime and transition months, it is clear that some
clusters originate in the industrial area of Guanajuato,
which includes the Salamanca refinery. Because air

transport of pollutants follows these paths, regional
sources might be affecting the MAQ air quality.

It is noticeable that no clusters show any transport
from the SE of the MAQ, so it is unlikely that there
is a contribution of pollutants from Mexico City and
its surroundings probably due to the presence of the
Trans-Mexican Volcanic Belt south of the MAQ.

This study describes for the first time a flow
climatology in central Mexico, which might be
useful for finding both geographical and temporal
patterns of the wind driven transport of the region.
The results raise important questions regarding re-
gional sources of pollutants that might be affecting
the air quality. Future studies should address the
influence that industrial areas around the MAQ, in
El Bajio, have on the concentration of air pollutants
such as ozone and particulate matter. They should
also weigh the effect of local emissions, regional
transport, and meteorological conditions on the air
quality of the region.

Acknowledgments

This work was supported by UNAM-PAPIIT
2019-IN115719. NCEP Reanalysis data was provided
by the NOAA/OAR/ESRL PSL, Boulder, Colorado,
USA, from their website (https://psl.noaa.gov/).

References

Camacho-Diaz JG. 2013. Mapeo de la calidad ambiental
urbana mediante bioindicadores en la ciudad de Santi-
ago de Querétaro. Ph.D. thesis. Universidad Auténoma
de Querétaro, Querétaro, Mexico.

CONAGUA. 2021. Informacion estadistica climatoldgica.
Comision Nacional del Agua, Mexic. Available at:
https://smn.conagua.gob.mx/es/climatologia/informa-
cion-climatologica/informacion-estadistica-climato-
logica (accessed on January 10, 2021).

Draxler R, Hess G. 1998. An overview of the HYSPLIT 4
modeling system for trajectories, dis-persion, and
deposition. Australian Meteorological Magazine 47:
295-308.

Eneroth K, Kjellstrom E, Holmén K. 2003. A trajectory cli-
matology for Svalbard; investigating how atmospheric
flow patterns influence observed tracer concentrations.
Physics and Chemistry of the Earth, Parts A/B/C 28:
1191-1203. https://doi.org/10.1016/j.pce.2003.08.051


https://doi.org/10.1016/j.pce.2003.08.051


250 D. A. Rozanes-Valenzuela et al.

HYSPLIT. 2021. HYSPLIT web site. National Oceanic
and Atmospheric Administration, College Park, MD,
USA. Available at: https://ready.arl.noaa.gov/HY-
SPLIT.php (accessed on January 10, 2021).

INECC, 2019. Informe nacional de calidad del aire 2018.
Instituto Nacional de Ecologia y Cambio Climatico,
Mexico, 343 pp.

INEGTI, 2015. Encuesta intercensal 2015. Instituto Nacio-
nal de Estadistica y Geografia, Mexico. Available at:
https://www.inegi.org.mx/programas/intercensal/2015/
(accesed on September 14, 2022).

Katsoulis BD. 1999. The potential for long-range transport
of air-pollutants into Greece: A clima-tological analy-
sis. Science of The Total Environment 231: 101-113.
https://doi.org/10.1016/S0048-9697(99)00100-X

NAM. 2021. NCEP North American Regional Reanalysis
archive. National Oceanic and Atmospheric Adminis-
tration, Boulder, CO, USA. Available at: ftp://arlftp.
arlhq.noaa.gov/pub/archives/nam12 (accessed on
January 10, 2021).

Markou MT, Kassomenos P. 2010. Cluster analysis of
five years of back trajectories arriving in Athens,
Greece. Atmospheric Research 98: 438-457. https://
doi.org/10.1016/j.atmosres.2010.08.006

Mesinger F, DiMego G, Kalnay E, Mitchell K, Shafran
PC, Ebisuzaki W, Jovi¢ D, Woollen J, Rogers E, Ber-
bery EH, Ek MB, Fan Y, Grumbine R, Higgins W, Li
H, Lin Y, Manikin G, Parrish D, Shi W. 2006. North
American Regional Reanalysis. Bulletin of the Amer-
ican Meteorolog-ical Society 87: 343-360. https://doi.
org/10.1175/bams-87-3-343

NARR. 2021. NCEP North American Regional Reanalysis
archive. National Oceanic and Atmospheric Admin-
istration, Boulder, CO, USA. Available at: https://psl.
noaa.gov/cgi-bin/data/narr/plotday.pl (accessed on
January 10, 2021).

Olivares-Salazar SE. 2016. Estudio de la calidad del aire
de la ciudad de Querétaro en el afio 2013. B.Sc. thesis.
Universidad Nacional Autonoma de México, Mexico.

PySPLIT. 2021. PySPLIT repository. Python Software
Foundation, Fredericksburg, VA, USA. Available at:
https://pypi.org (accessed on January 10, 2021).

RUOA, 2021. RUOA’s data archive. Red Universitaria de
Observatorios Atmosféricos, Univerasidad Nacional
Auténoma de México, Mexico. Available at: https://
www.ruoa.unam.mx (accessed on January 10, 2021).

Stein A F, Draxler RR, Rolph GD, Stunder BJB, Cohen
MD, Ngan F. 2016. NOAA’s HYSPLIT Atmospheric
Transport and Dispersion Modeling System. Bulletin of
the American Meteorological Society 96: 2059-2077.
https://doi.org/10.1175/BAMS-D-14-00110.1

Warner MSC. 2018. Introduction to PySPLIT: A Python
toolkit for NOAA ARL’s HYSPLIT Model. Comput-
ing in Science & Engineering 20: 47-62. https://doi.
org/10.1109/MCSE.2017.3301549

Zavala M, Brune WH, Velasco E, Retama A, Cruz-Ala-
vez LA, Molina LT. 2020. Changes in ozone pro-
duction and VOC reactivity in the atmosphere of
the Mexico City Metropolitan Area. Atmospheric
Environment 238: 117747. https://doi.org/10.1016/j.
atmosenv.2020.117747


https://ready.arl.noaa.gov/HYSPLIT.php
https://ready.arl.noaa.gov/HYSPLIT.php
https://www.inegi.org.mx/programas/intercensal/2015/
https://doi.org/10.1016/S0048-9697(99)00100-X
ftp://arlftp.arlhq.noaa.gov/pub/archives/nam12
ftp://arlftp.arlhq.noaa.gov/pub/archives/nam12
https://doi.org/10.1016/j.atmosres.2010.08.006

https://doi.org/10.1016/j.atmosres.2010.08.006

https://doi.org/10.1175/bams-87-3-343

https://doi.org/10.1175/bams-87-3-343

https://psl.noaa.gov/cgi-bin/data/narr/plotday.pl
https://psl.noaa.gov/cgi-bin/data/narr/plotday.pl
https://pypi.org
https://www.ruoa.unam.mx
https://www.ruoa.unam.mx
https://doi.org/10.1175/BAMS-D-14-00110.1

https://doi.org/10.1109/MCSE.2017.3301549
https://doi.org/10.1109/MCSE.2017.3301549
https://doi.org/10.1016/j.atmosenv.2020.117747
https://doi.org/10.1016/j.atmosenv.2020.117747

SUPPLEMENTARY MATERIAL

Table SI. Climatological stations from the National Weather Service,

and the time range of data for each one.

Station Name Data period
El Batan 06/1965-07/2016
El Pueblito 01/1961-06/2016

San Juan del Rio
E.T.A. 128 Carrillo

02/1973-06/2015
03/1987-04/2015

La Joya 08/1975-04/2017
Juriquilla 11/1979-01/2015
Querétaro (DGE) 06/1982-07/2016
Celaya 02/1922-10/2016
Irapuato 05/1903-01/2016

La Gavia 07/1979-07/2016

San Juan Temascatio

01/1993-01/2016
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Fig. S1. Relative error of all trajectories calculated each month.
10th, 25th, 50th, 75th, and 90th percentiles are represented with
the whiskers and box.
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Fig S2. Monthly trajectory clusters calculated for the period 2014-2017, at 500
magl. The thickness of each line is proportional to the percent of trajectories in
each cluster, which is specified for each month.



