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RESUMEN

La frontera central que separa los estados de Veracruz y Puebla corresponde al límite territorial más alto de 
México, ya que alcanza una altitud mayor a 3000 m sobre el nivel del mar. Incluye a tres de las mayores 
montañas del país y en conjunto forma un parteaguas de 100 km de extensión. Debido a su elevación, en esta 
región son frecuentes los escenarios de congelamiento durante las temporadas invernales; sin embargo, debido 
a las condiciones cambiantes del clima, en recientes épocas de inverno las condiciones de congelamiento y 
la ocurrencia de nevadas se han visto intensificadas, afectando la salud de miles de habitantes de esta región. 
Debido a que la temporada invernal 2021-2022 fue una de las más intensas en cuanto a temperaturas de con-
gelamiento y ocurrencia de nevadas en todo Norteamérica, con severos impactos en el país, en este trabajo 
se analizan las condiciones climatológicas de dicho invierno. El procedimiento consistió en dar seguimiento 
a los sistemas frontales que ingresaron al país, así como el análisis de los registros de estaciones automáticas 
cercanas a la región de estudio. A partir de estos datos se estimó la altitud del límite inferior de congelamiento 
de la superficie para cada uno de los sistemas frontales que impactaron la zona. Mediante sensores remotos 
se corroboró la presencia de precipitación nival y se calculó su cobertura. Al mismo tiempo, se estimó el 
número de pobladores afectados por las condiciones de congelamiento a las que estuvieron expuestos. Los 
resultados indican una cota inferior de congelamiento tan baja como 2259 m sobre el nivel del mar, la cual 
cubrió una extensión de hasta 2949 km2 correspondiente al total de la zona de estudio y afectó a 139 locali-
dades de Veracruz y 163 del estado de Puebla.

ABSTRACT

The central border that divides the states of Puebla and Veracruz is characterized by being the highest terri-
torial limit in Mexico; it is composed of three of the highest mountains in the country. This border reaches 
a length of 100 km, forming a watershed that continuously exceeds 3000 m in altitude. Due to its elevation, 
winter freezing conditions are frequent; however, due to changing climate patterns, in recent winter seasons, 
severe frosts and snowfalls have occurred at elevations well below the main peaks, affecting the health of 
thousands of vulnerable residents of both states surrounding this mountain range. Because the 2021-2022 
winter season was one of the most intense in all North America, with severe impacts in Mexico as a result 
of freezing temperatures and snowfall, this work analyzes the winter conditions in 2021-2022 through the 
monitoring of frontal systems and the analysis of data from automatic meteorological stations near the study 
area. From the records, the lower limit of surface freezing was estimated for each arrival of cold air masses; 
the occurrence of snowfall was determined by remote sensing, and the area of snow cover was also calcu-
lated. At the same time, the population affected by freezing weather conditions was estimated. The surface 
freezing starts at elevations as low as 2259 m, covering an area of up to 2949 km2, which corresponds to the 
entire study region, affecting 139 towns in Veracruz and 163 in Puebla.
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1.	 Introduction
1.1 General climatological background
The negative impacts of climate change are increas-
ingly noticeable and accentuated in all regions of the 
planet. The global increase in temperature has inten-
sified the hydrological cycle, increasing the number 
of extreme weather phenomena (IPCC, 2023). These 
hydro-meteorological processes are commonly relat-
ed to a greater frequency and intensity of hurricanes, 
or to the increase of dry seasons and the delay of the 
rainy season, among other consequences. According 
to Quante et al. (2021), the increase in air temperature 
results in higher evaporation rates and, therefore, a 
greater potential for precipitable water; at the same 
time, a higher temperature causes a decrease in 
snowfall occurrence, increasing the volume of liquid 
precipitation. This relationship between the increase 
in air temperature and the decrease in snow precip-
itation has been analyzed in future scenario models 
(Pons et al., 2016). Notwithstanding the above, severe 
winter storms have occurred more frequently, mainly 
in mid-latitude countries of Europe and the United 
States, and like other extreme hydro-meteorological 
phenomena, they are capable of halting commer-
cial, industrial, and social activities in the affected 
regions, causing severe damage to the economy and 
infrastructure, and causing fatalities in extreme cases 
(NOAA, 2017). This seems to align with Quante et 
al. (2021), who, using projection models, predicted 
that heavy snowfall occurrence will increase mainly 
in North America and Asia in the coming decades.

North American winter conditions are generally 
governed by the movement of polar air masses into 
regions outside their regular boundaries. Cyclical 
processes such as El Niño Southern Oscillation 
(ENSO), the Pacific Decadal Oscillation (PDO), the 
Madden Julian Oscillation (MJO), the Quasi Biennial 
Oscillation (QBO), the Artic Oscillation (AO), the 
North Atlantic Oscillation (NAO), and the Eastern 
Pacific Oscillation (EPO) appear to influence, both 
by their temperature and humidity characteristics, 
the magnitude of winter weather in the American 
boreal hemisphere (Frontier Weather, n.d.), as they 
combine with the displacement of Arctic polar air 

masses. As an example of the above, Woollings et 
al. (2010) mention that NAO is a component that, 
together with ENSO and the MJO (Cassou, 2008), 
largely determines the latitudinal displacement of the 
jet stream and, therefore, of the polar frontal system.

The polar boundary between Farrel and Polar 
cells gives rise to the jet stream at the limits of the 
tropopause, circling the planet with small undulations 
in a west-east trajectory and decreasing in latitude 
during the winter, while in the summer it is located 
closer to the poles (Shapiro and Keyser, 1990). This 
boundary controls the horizontal position of the polar 
front, separating the regions of warm subtropical and 
temperate air from the cold Arctic mass as it moves 
around the circumpolar regions of the planet.

The polar vortex is bounded by a higher velocity 
of the jet stream during the winter, while its veloc-
ity tends to decrease during summer. However, the 
increasing influence of warm air masses towards the 
polar regions, even during the winter, may cause a 
lower horizontal temperature gradient between the 
air masses on both sides of the jet (Woollings et al., 
2023). At the same time, the convective ascent of 
energy to the stratosphere, above the cell boundary, 
causes the weakening and slowing of the jet stream, 
which gives rise to the formation of Rossby waves, 
causing the formation of meanders that can reach 
great amplitude, sometimes reaching latitudes as low 
as the southern United States. Rossby waves develop 
a cyclonic circulation inside the lower part of the 
wave, while inside the upper part they originate a 
high-pressure anticyclonic system. Sometimes, the 
weakening causes the jet circulation to remain almost 
stationary for several days in some places; then, the 
cyclonic system inside the wave (positive vorticity) 
will generate adverse winter weather conditions due 
to the stagnation of polar air (the polar vortex itself) 
causing the persistence of freezing temperatures and 
severe winter storms during its permanence (Stendel 
et al., 2021).

Future scenario models indicate a greater fre-
quency of sudden stratospheric warmings (Wills et 
al., 2019), causing the slowing of the jet and conse-
quently generating the elongation of the polar vortex 
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towards mid-latitudes. Stendel et al. (2021) even 
mention a growth rate in the amplitude of the wave of 
up to 20 m yr–1, bringing with it increasingly severe 
winter episodes at lower latitudes (Mitchell et al., 
2012). When polar air masses move from their source 
regions, they change weather conditions during their 
transfer and modify their own characteristics through 
the exchange of temperature and humidity (Spiridon-
ov and Ćurić, 2021).

Commonly, the displacement of cold air masses 
begins across Canada and the United States, reaching 
northern and central Mexico (Lagerquist et al., 2020), 
with temperature conditions cold enough even to 
cause periods of thermal decline during its passage. 
If the temperature falls below the freezing point and 
the humidity conditions are favorable, snowfall will 
occur. These winter weather effects may be more 
severe, which will cause greater elongation and 
stagnation of the jet meanders.

Smith and Sheridan (2018) identified 49 periods 
of extreme cold in the east-central United States 
between 1948 and 2016, with an average duration of 
six days; however, they recorded episodes exceeding 
20 days in duration and temperature values as low 
as –22 ºC, which have involved more than 20 major 
cities. A recent case occurred on February 10 and 18, 
2021, when winter storm Uri impacted 25 US states. 
Texas, one of the southernmost states, was the region 
of greatest impact (Nejat et al., 2022), recording a 
temperature of –18 ºC (Veettil et al., 2022), when the 
average minimum values during winter are around 
0 ºC. Uri left behind a snow accumulation of 16 cm 
(ATC, 2021). The repercussions of this storm reached 
Mexico between February 13 and 19, with the arrival 
of the cold front 36, which left severe snowfall in the 
states of Sonora, Chihuahua, Coahuila, Nuevo León, 
and Tamaulipas, where temperatures reached as low 
as –15.5 ºC, while in states of the central region such 
as Guanajuato, Jalisco, Michoacán, Morelos, Mex-
ico, and Veracruz, values between –2.9 and –9 ºC 
were recorded, with snowfall and severe frosts in 
mountainous regions above 2500 masl (CONAGUA, 
2021). Beyond service system failures and economic 
losses, the most serious consequence was the number 
of victims due to hypothermia, as well as carbon 
monoxide (CO) poisoning. In some places, these 
cases became fatal (El Mundo de Hoy, 2021; Le Duc 
and Villalpando, 2021).

The characteristics of the Mexican relief, from 
sea level up to 5610 masl, favor different climates, 
ranging from warm and humid to cold and dry, as well 
as a wide biodiversity. The most contrasting region, 
due to elevation and climate, is located at the eastern 
end of the Neovolcanic Axis in the center of the state 
of Veracruz. Here, starting from the coastline, the 
terrain’s altitude steadily increases until it reaches a 
natural barrier separating the windward slope from 
the Mexican Plateau (Soto and Cervantes, 2023). 
Three of the highest mountains in the country are 
located at the ends of this barrier. Because of its cli-
matological, geomorphological, and edaphic condi-
tions, this region has great agricultural and livestock 
potential, which determines, among other factors, the 
existence of many rural settlements. However, due 
to the freezing conditions to which inhabitants are 
exposed during winter, vast areas have been docu-
mented over several decades with crop loss, as well 
as numerous cases of deaths (Zermeño-Díaz et al., 
2021), which, among other causes, are a consequence 
of the vulnerability of many of these populations 
(Jáuregui et al., 2020).

1.2 Health vulnerability to extreme cold
Vulnerability is the susceptibility or propensity 
of an affectable agent to suffer damage or loss in 
the presence of a disturbing process, determined 
by physical, social, economic, and environmental 
factors (SEMARNAT, 2023). It has been commonly 
associated with population characteristics such as 
gender, age, schooling, health, income, and housing 
type (Sosa-Capistrán and Vázquez-García, 2014; 
Travieso-Bello et al., 2018). In a population vul-
nerable to extreme cold, exposure to extremely low 
temperatures may cause hypothermia (when body 
heat is less than 35 ºC) since the body loses heat by 
physical principles; that is, by radiation, convection, 
conduction, and evaporation (which together form 
thermoregulation); therefore, prolonged contact 
with water or a cold atmosphere may represent an 
increased risk of hypothermia, which may range from 
mild (32-35 ºC) to severe (less than 28 ºC).

In inhabited regions with intense cold conditions, 
whether permanent or seasonal, the population 
suffers anatomical and metabolic changes because 
of exposure to low temperatures and little sun ex-
posure (Ramón et al., 2023). Newborns, pregnant 
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women, and older adults are the age groups with 
the greatest health vulnerability to severe winter 
conditions, which happens mainly due to natural 
immunosuppression derived from young age, 
pregnancy, and cellular senescence, respectively 
(Castelo-Branco y Soveral, 2014; Müller et al., 
2019). This process causes the susceptibility of 
the mentioned age groups to the development of 
opportunistic microorganisms and the evolution 
of severe complications. Even in healthy adults, 
where low temperatures require shorter periods for 
vasoconstriction and vasodilatation to maintain vital 
temperature, it has repercussions on blood pressure 
changes and increases the risk of atheroembolism 
(Abrignani et al., 2022). Hypothermia is commonly 
associated with decreased blood flow to the brain 
and low oxygen consumption. Many deaths usual-
ly occur once a severe decrease in brain function 
occurs (Vargas-Téllez, 2009).

In severe cold conditions, the most marginalized 
populations commonly make use of wood fires for 
heating and cooking, whose combustion produces 
noxious gases that, when chronically inhaled, change 
the morphology of lung tissue, increasing the risk 
of chronic obstructive pulmonary disease (COPD), 
bronchial diseases, and lung cancer; they also trigger 
asthma attacks, which increase the morbidity and 
mortality rate (Zhang et al., 2021). The consequences, 
even fatal, become immediate when intoxication or 
asphyxiation by CO inhalation occurs indoors (Tor-
torella and Laborde, 2021). In summary, in the face 
of severe winter cold conditions, the most vulnerable 
populations (strongly related to their level of margin-
alization) are susceptible to numerous physiological 
alterations derived from climatological and social 
conditions (Hajat, 2017), where the combination 
of low temperatures and marginalized conditions 
are determinants for population health and limit the 
development of a healthy life.

Considering that in Mexico there are only a few 
weather stations in mountain environments (Soto and 
Delgado, 2020) and little is known about the distribu-
tion of frost and snowfall occurrence in high-moun-
tain regions (Soto and Delgado-Granados, 2024), 
and also taking into account the strategic location of 
the Pico de Orizaba-Cofre de Perote mountain range, 
its elevation, fertility of soils, and the number of 
inhabitants surrounding the area, the main objective 

of this work is to determine the area of freezing, 
both due to frost and snowfall, that occurred during 
the winter of 2021-2022. The results suggest using 
a proposed methodology that partially compensates 
for the lack of weather stations in Mexican high 
mountains and, at the same time, allows modeling 
the freezing surfaces, which is somewhat common 
in the country’s high mountainous relief during most 
winters. Moreover, it allows us to analyze the number 
of populations and inhabitants exposed to severe 
freezing conditions, which can severely affect their 
health, directly or indirectly.

2.	 Methodology
2.1 Study area
The Neovolcanic Axis runs horizontally across the 
country’s central part and comprises numerous mono-
genetic and stratovolcanoes. At its eastern end lies the 
highest point in the country, the Citlaltépetl volcano, 
which reaches 5610 masl. The Sierra Negra volcano 
(4580 masl) and the Cofre de Perote (4200 masl), 
located approximately 100 km to the north, are also 
part of this axis. The small mountain range that con-
nects these peaks exceeds 3000 masl. This orographic 
ridge represents the main watershed that divides the 
slope of the Gulf of Mexico and the Mexican Central 
Plateau, as well as the border between the states of 
Puebla and Veracruz. The areas on either side of the 
ridge have contrasting climates and different types of 
ecosystems. The soils of this mountainous strip, being 
of volcanic origin, are rich in minerals; at the same 
time, the continuous condensation of atmospheric 
humidity, in response to the upward forcing of the 
air along the windward slope, makes it an important 
rain and water catchment area; the combination of 
the above favors the agricultural and livestock ac-
tivities of the place, which are a fundamental part 
of its economy.

According to Soto and Cervantes (2023), the 
Foehn effect determines that the eastern slope has a 
temperate and humid climate, with the highest con-
centration of precipitation located around 1500 masl, 
with an average accumulated value of 2000 mm, 
although there are sites that exceed 2500 mm per 
year. The average temperature ranges from 4.6 to 
8.2 ºC during the month of January, while in July, it 
ranges from 5.7 to 11.5 ºC on average. In the peaks of 
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Citlaltépetl and Cofre de Perote, temperatures during 
January are –2.9 and 3.8 ºC respectively, as well as 
–2.4 and 5.5 ºC during July (Fernández-Eguiarte et 
al., 2010). On the opposite slope, the drying ratio, 
together with the Foehn effect, determine a rainfall 
index lower than that of the windward slope, causing 
a large part of the Central Plateau, with an average 
altitude of 2200 masl, to register an accumulated 
precipitation regime of less than 1000 mm per year. 
During the winter season, the arrival of cold air mass-
es is frequent in the area since, of the total number of 
frontal systems that enter the country each year (~50), 
more than half reach the central region and the study 
area, being more noticeable during January (CONA-
GUA, 2023). As they pass through, they cause mild 
to cold temperatures depending on the height of the 
relief, with precipitation mostly observed on the 
eastern slope of the orographic barrier, as well as 
north and northeast winds.

The vegetation on both slopes differs. The cli-
mate is temperate and humid on the windward side, 
which favors the existence of a mesophyll forest, 
which reaches its upper limit at approximately 2500 
masl. The pine and conifer forest continues from 
this elevation until reaching 4060 masl (Soto and 
Welsh, 2023). At this point, the scrubland begins, 
interspersed with soil and bare rock in the highest 
parts of the main summits. The vegetation on the 
leeward slope transitions from pine and coniferous 
forest at higher elevations to mostly shrub and bush 
cover at lower elevations (Soto et al., 2021). Similar-
ly, agricultural activities involve the use of land for 
grazing cattle and sheep, as well as for growing crops 
such as coffee, corn, and vegetables. The study region 
occupies a total area of 2949 km2 and is defined by 
the 2400 isohypse, which marks the lower limit and 
perimeter of the region. This includes localities above 
2400 masl on both sides of the mountain range within 
the Neovolcanic Axis. The relief on the leeward side 
of the orographic barrier (~2300 masl) is relatively 
homogeneous, in contrast to the gradual increase in 
terrain height on the gulf slope.

The region comprises 388 localities, including 362 
rural communities and 26 urban areas across 31 munic-
ipalities. Seventeen of these municipalities are in Pueb-
la, while the remaining 14 are in Veracruz. According 
to the 2020 locality-level census by INEGI (2020), 
the region’s total population is 333 465 inhabitants. 

According to CONAPO (2020), at least 83.5% of 
the localities (324) are classified as marginalized 
due to various types of deprivations. The most 
significant of these are related to basic housing 
and health services. Figure 1 displays the main 
features of the study area; additionally, Figure 2 
displays the altitudinal distribution of the locations in 
100-meter intervals.

2.2 Climatological data and processing
2.2.1 Tracking and monitoring of frontal systems, 
2021-2022
In Mexico, the arrival of polar air masses begins in 
September and ends in May of the following year 
(CONAGUA, 2023). Therefore, tracking the advance 
of each of these air masses consisted of monitoring 
the day on which each cold front crossed the north-
ern border of the country. From that moment on, it 
was tracked until the day that each frontal system 
associated with the cold air mass reached the center 
of the nation, as well as the day of its departure from 
the territory or its dissipation. The tracking was done 
through the Servicio Meteorológico Nacional (SMN; 
National Weather Service) webpage (https://smn.
conagua.gob.mx/es/). Table I shows the date of entry 
into the study area and the days of affectation while 
the air mass remained in the area.

2.2.2 Analysis of air temperature and estimation of 
the lower limit for surface freezing
As with temporality concerning the monitoring 
of frontal systems, data for the same period were 
obtained from automatic meteorological stations 
(AMSs) located around and closer to the study re-
gion to monitor frontal systems. The stations store 
data every 10 min, providing a sufficiently complete 
data series from November 2021 to May 2022. The 
monthly data was downloaded from the official web-
site of the SMN at https://smn.conagua.gob.mx/es/
observando-el-tiempo/estaciones-meteorologicas-au-
tomaticas-ema-s. The data was tabulated based on 
the days each frontal system remained in the study 
region, from entry until departure or dissipation. This 
allowed observation of the thermal impact of each 
cold air mass that reached the area. A temperature 
graph was prepared for each AMS and front analyzed 
to aid interpretation. Table II displays the AMSs 
utilized for temperature analysis.

https://smn.conagua.gob.mx/es/
https://smn.conagua.gob.mx/es/
https://smn.conagua.gob.mx/es/observando-el-tiempo/estaciones-meteorologicas-automaticas-ema-s
https://smn.conagua.gob.mx/es/observando-el-tiempo/estaciones-meteorologicas-automaticas-ema-s
https://smn.conagua.gob.mx/es/observando-el-tiempo/estaciones-meteorologicas-automaticas-ema-s


868 V. Soto et al.

The study identified the time of greatest impact of 
each frontal system from the data series, based on the 
lowest temperature recorded at each meteorological 
station. The average altitude was calculated because 
of the different altitudes among the five AMSs (re-
fer to Table II). Then, the air temperature vertical 
gradient (ATVG) was calculated for each event 

with the lowest temperature recorded. The gradient 
was obtained by the method applied by Soto et al. 
(2023a) and Soto and Cervantes (2023) through the 
use of a regression equation between the altitude and 
temperature variables:

Υ = β0+ β1x + ε 	 (1)

Fig. 1. Location of (a) the Neovolcanic Axis and (b) the study region with localities and 
automatic weather stations. (c) Oblique perspective from the coastline with the Mexican 
Central Plateau in the background and the center. Numbers correspond to the volcanoes 
Sierra Negra (1), Citlaltépetl (2), and Cofre de Perote (3).
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where the intercept β0 represents the magnitude of 
change of the temperature value with respect to the 
terrain elevation (Soto and Cervantes, 2023), that is, 
the ATVG of the area. According to the authors, cal-
culating the ATVG for each time of lowest recorded 
temperature has the advantage of using more realistic 
conditions of vertical temperature variation for each 
specific occasion, as opposed to a standard monthly 
or seasonal gradient.

After obtaining the ATVG, the minimum tem-
perature value for each meteorological station was 
adjusted to the average altitude previously calculated 
between the stations for each frontal system. The 
adjusted temperature was interpolated using the 
inverse distance weighted method (IDW), which is 
widely used and recommended by Soto and Delgado 
(2020) and Soto et al. (2023b) due to its ability to 
accurately represent the spatial distribution of tem-
perature (Yuan et al., 2016). The temperature layer 
was interpolated to the average altitude, and a digital 
elevation model (DEM) of the study area was used 
to distribute the temperature values based on the 
variation in the height of the mountain range relief. 
To ensure modeling accuracy, a DEM with a spatial 
resolution of 15 m per pixel was used, obtained from 
INEGI (2013). The three-dimensional modeling was 
developed using Eq. (2):

T(x,y) = Taz + ∇(Z
DEM

(x , y)
− Zaz)

	 (2)

where T(x, y) represents the relief-adjusted temperature 
value at a point (x, y) in the mountain range; Taz is the 
zone average temperature for each frontal system;  
is the ATVG; Z DEM

(x, y)  is the terrain altitude at any 15 × 
15 m point on the DEM; and Zaz is the zone average 
altitude.

From the temperature modeling, the lower altitu-
dinal limit of air surface freezing (0 ºC isotherm) was 
extracted. The 0 ºC isotherm was used to determine 
the lower altitudinal limit of air surface freezing; 
from this, the polygon of the area that experienced 
freezing temperatures during each cold air mass was 
obtained. The number of localities and inhabitants 
exposed to freezing temperatures was also counted 
for each event based on their location within the 
corresponding polygon.

Finally, the daily cumulative precipitation reanal-
ysis model GPM_3IMERGDL (Huffman et al., 2019) 
was used to identify possible snowfall occurrences 
in the region by overlaying the precipitation layer 
above the freezing surface. Using open-access sat-
ellite images (Landsat, Sentinel, Aster), depending 
on their availability, the presence of snow cover in 
the mountain range was corroborated. In cases where 
cloud cover did not obstruct the view, the presence 
of snow confirmed a snowfall occurrence. The snow-
pack’s extent was delimited, and its surface area was 
calculated. In cases where precipitation was present 
but not observable due to satellite temporal resolution 
or cloud cover, a possible but unconfirmed snowfall 
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Table I. Frontal systems that directly impacted the country during the winter of 2021-2022. 

Frontal
system

Date of entry
(north)

Arrival date
(center)

Exit or
disengagement

Hydrometeorological
phenomena

Occurrence of snowfall per
region of the country

1 September 21 September 23 September 26 Rain —
2 October 1 October 5 October 9 Rain —
3 October 10 — October 12 Rain —
4 October 13 October 16 October 19 Rain —
5 October 21 — October 23 Rain —
6 October 26 October 27 October 30 Rain —
7 November 3 November 4 November 7 Rain —
8 November 11 November 13 November 15 Rain —
9 November 18 November 19 November 21 Rain —
10 November 21 November 22 November 24 Rain/SNWFL/SLT N/NW
11 November 25 November 25 November 30 Rain/SNWFL/SLT N/NW
12 December 6 — December 8 Rain/SNWFL/SLT N/NW
13 December 10 December 12 December 13 Rain/SNWFL/SLT N/NW
14 December 14 December 19 December 23 Rain/SNWFL/SLT N/NW
15 — — — — —
16 December 25 — December 30 Rain/SNWFL/SLT N/NW
17 December 28 — December 31 Rain/SNWFL/SLT N/NW
18 December 31 — January 1 Rain/SNWFL/SLT N/NW
19 January 1 January 2 January 4 Rain/SNWFL/SLT C
20 January 5 — January 8 Rain/SNWFL/SLT C
21 January 8 January 10 January 13 Rain/SNWFL/SLT N/NW/C
22 January 14 January 16 January 17 Rain/SNWFL/SLT N/C
23 January 19 January 21 January 23 Rain/SNWFL/SLT N/NW/C
24 January 22 January 25 January 27 Rain/SNWFL/SLT N/NW/C

25-26 January 26 January 28 January 30 Rain/SNWFL/SLT N/NW/C
27 January 30 — — Rain/SNWFL/SLT N/NW/
28 February 1 February 3 February 8 Rain/SNWFL/SLT N/NW/C
29 February 12 February 13 February 15 Rain/SNWFL/SLT N/NE/C
30 February 15 February 18 February 21 Rain/SNWFL/SLT NW/N
31 February 22 February 27 March 1 Rain/SNWFL/SLT NW/C
32 March 4 — March 5 Rain/SNWFL/SLT NW 
33 March 5 — March 6 Rain/SNWFL/SLT NW 
34 March 6 March 8 March 10 Rain —
35 March 11 March 12 March 13 Rain/SNWFL/SLT N/NW
36 March 14 March 15 March 16 Rain C?
37 March 17 March 18 March 20 Rain —
38 March 20 March 22 March 26 Rain/SNWFL/SLT N/NW
39 March 28 — April 2 Rain/SNWFL/SLT N/NW
40 April 2 — April 4 Rain —
41 April 6 April 7 April 8 Rain C?
42 April 12 — April 14 Rain/SNWFL/SLT NW?
43 April 18 — April 19 Rain C?
44 April 22 — April 24 Rain —
45 April 25 — abr—27 Rain —

SNWFL: snowfall; SLT: sleet; N: north; NW: northwest; C: center; NE: northeast.

Table II. Automatic meteorological (AMS) stations used for temperature analysis.

AMS Longitude (W) Latitude (N) Altitude (masl) Average altitude (masl)

Perote 97.26868 19.54516 2410

1718
Xalapa 96.90416 19.51250 1369
Coscomatepec 97.04098 19.06602 1495
Tecamachalco 97.72166 18.86638 2047
Orizaba 97.09805 18.86527 1268



871Winter cold conditions, 2021-2022

occurrence was considered based on thermal and 
precipitation conditions.

3.	 Results
The monitoring of frontal systems allowed us to 
obtain a total of 45 cold fronts (a very close value 
to the normal range) that had a complete evolution 
within the national territory and caused a decrease in 
temperature and/or precipitation, either solid (snow) 
or liquid, as well as those that had a displacement to 
the interior of the country. Table I chronologically 
shows each of these events and the weather condi-
tions that prevailed according to the region affected.

Starting in May, warmer air from the equatorial 
region, both from the Pacific and the Caribbean, 
caused frontal systems that entered the country to 
become stationary and/or move eastward, reaching 
the waters of the Gulf of Mexico to dissipate without 
causing any continental effects.

3.1 Analysis of air temperature and estimation of 
the lower limit for surface freezing
The study area was directly affected by 18 frontal sys-
tems, as shown in the temperature graphs sequence in 
Figure 3, which exhibits the decrease in temperature 
following the arrival of each cold front and through-
out its duration. The affected days are indicated in 
light color. The lowest temperature reached in each 
event is indicated by the dotted line. The blue interval 
indicates the presence of confirmed snow, as seen in 
satellite images.

Based on the data provided, Table III was created 
to show the air temperature vertical gradients for each 
cold front, allowing the height of the 0 ºC isotherm 
to be estimated. At the same time, the calculated 
freezing area and the precipitation accumulated 
during the days of each frontal system can be noted. 
Additionally, snowfall occurrences have been record-
ed, both confirmed by satellite images and those not 
visually corroborated but considered possible based 
on temperature conditions and precipitation presence.

The resulting maps in Figure 4 display the model-
ing of surface temperature for each of the cold fronts, 
based on the gradients in Table III. The 18 maps are 
presented chronologically according to the date of 
occurrence of freezing, corresponding to the frontal 
systems that affected the study region.

The surface and distribution of the areas affected 
by freezing according to each cold front that arrived in 
the region are shown in blue in Table III and Figure 4. 
On at least three occasions, the entire surface of the 
study area (2949 km2) was under freezing conditions 
(Fig. 4c, l, n); at the same time, the presence of pre-
cipitation coinciding with temperatures below 0 ºC 
can be noted, implying the potential possibility of 
snowfalls, some of which have been confirmed by 
remote sensing. Figure 5 shows three episodes of 
snowfall occurrence observed using RGB imagery 
from the Sentinel 2 satellite:

Table III shows that at least three snowfalls were 
confirmed: the first one on January 13, 2022, with 
a snow cover area of 32.5 km2; the second one on 
January 18, 2022, with an area of 46.7 km2; and the 
third one on January 28, 2022, covering 2.2 km2. 
However, the cloudy conditions prevented snowpack 
observation during the days that suggested snow 
precipitation due to temperature conditions and pre-
cipitation. It is worth noting that the snow covered 
the upper parts and lower slopes of Pico de Orizaba, 
Sierra Negra, and Cofre de Perote in all three cases. 
Even more, during the snowfall on January 18, the 
snow covered not only the peaks but also a central 
part of the mountain range.

The graphs in Figure 6 show the total number 
of villages, both rural and urban, that were exposed 
to freezing temperatures, as well as the number of 
people who were exposed or could have been affect-
ed. The corresponding graph differentiates between 
localities and inhabitants according to the states to 
which they belong.

The state of Puebla has a greater number of lo-
calities and inhabitants than Veracruz because the 
former has 17 municipalities in the region, while 
the latter only 14. As a result, Puebla has a total of 
218 villages, while Veracruz has 170. During frontal 
systems 14, 29, and 31, freezing temperatures affect-
ed all 388 localities in the region and their 333 465 
inhabitants, as depicted in the maps in Figure 4. The 
number of localities and the number of inhabitants 
affected varies according to the altitude at which the 
0 ºC isotherm was ubicated in each of the cold fronts 
(see Table III); therefore, it ranges from 2259 masl 
(covering the entire study region) to 3862 masl, with 
a direct impact on the localities within each altitudinal 
range at which the freezing isotherm was located.
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4.	 Discussion
4.1 Climatic conditions
The recent changes in climate conditions, specifically 
air temperature, over the last few decades have caused 
a decrease in the velocity of the jet stream. As a re-
sult, the boreal polar cell has extended to latitudes 
well below its average limits, leading to an increase 
in the number of winter storms that now cover the 
entire US territory. These storms have also caused 
collateral effects in the Mexican territory, which is 

why the findings of this work partially confirm the 
increasingly severe impacts of winter weather in the 
northern hemisphere over time, as previously noted 
by Pons et al. (2016) and Quante et al. (2021).

The winter of 2021-2022 in Mexico was one of the 
most intense in terms of temperature drops, frost, and 
snowfall. The climatological statistics for the country 
show that during the 2021-2022 winter season, fron-
tal systems arrived and evolved within the national 
territory at a rate similar to the average. However, 

a) b) c) d)

e) f) g) h)

i) j) k) l)

m) n)

q) r)

o) p)

Fig. 3. Temperature behavior by automatic weather station for each of the cold fronts that occurred.



873Winter cold conditions, 2021-2022

Ta
bl

e 
II

I. 
C

al
cu

la
tio

n 
of

 g
ra

di
en

ts
 a

nd
 th

e 
lo

w
er

 li
m

its
 o

f s
ur

fa
ce

 fr
ee

zi
ng

 fo
r e

ac
h 

fr
on

ta
l s

ys
te

m
 th

at
 a

ffe
ct

ed
 th

e 
st

ud
y 

re
gi

on
. T

he
 e

xt
en

t o
f f

ro
ze

n 
su

rf
ac

e,
 

pr
ec

ip
ita

tio
n 

pe
r a

ffe
ct

at
io

n 
pe

rio
d,

 a
nd

 th
e 

pr
es

en
ce

 o
f s

no
w

fa
ll 

ar
e 

al
so

 re
po

rte
d.

A
ut

om
at

ic
w

ea
th

er
st

at
io

n

A
lti

tu
de

(m
as

l)

Av
er

ag
e

al
tit

ud
e

(m
as

l)

A
lti

tu
de

D
iff

er
en

ce
(m

–1
)

Te
m

pe
ra

tu
re

(ºC
)

R
eg

re
ss

io
n

eq
ua

tio
n

R
2

Te
m

pe
ra

tu
re

ve
rti

ca
l

gr
ad

ie
nt

(ºC
/m

)

A
lti

tu
de

ad
ju

st
ed

te
m

pe
ra

tu
re

(ºC
)

A
dj

us
te

d 
av

er
ag

e 
te

m
pe

ra
tu

re
(ºC

)

A
lti

tu
de

of
 0

ºC
is

ot
he

rm
 

(m
as

l)

Fr
oz

en
ar

ea
(k

m
2 )

To
ta

l 
ac

cu
m

ul
at

ed
 

pr
ec

ip
ita

tio
n 

(m
m

)

Sn
ow

fa
ll 

nu
ll/

po
ss

ib
le

/
co

nfi
rm

ed
(d

at
e)

C
ol

d 
fr

on
t 1

1

Pe
ro

te
24

10

17
68

–6
92

2.
6

y 
=

 –
0.

00
76

x 
+ 

20
.0

96
0.

84
–0

.0
07

6

7.
9

7.
0

26
44

14
43

.8
1.

2
N

ul
l

X
al

ap
a

13
69

34
9

11
.4

8.
7

C
os

co
m

at
ep

ec
14

95
22

3
7.

1
5.

4
Te

ca
m

ac
ha

lc
o

20
47

–3
29

3.
3

5.
8

O
riz

ab
a

12
68

45
0

N
D

N
D

C
ol

d 
fr

on
t 1

3

Pe
ro

te
24

10

17
68

–6
92

0.
8

y 
=

–0
.0

11
4x

 +
 

28
.5

18
0.

95
–0

.0
11

4

1.
6

9.
0

25
02

20
20

.6
0

N
ul

l
X

al
ap

a
13

69
34

9
14

.9
14

.5
C

os
co

m
at

ep
ec

14
95

22
3

10
.5

10
.2

Te
ca

m
ac

ha
lc

o
20

47
–3

29
5.

8
6.

2
O

riz
ab

a
12

68
45

0
13

.0
12

.5

C
ol

d 
fr

on
t 1

4

Pe
ro

te
24

10

17
68

–6
92

–2
.8

y 
=

–0
.0

10
3x

 +
 

23
.2

7
0.

95
–0

.0
10

3

4.
3

5.
6

22
59

29
49

2.
1

N
ul

l
X

al
ap

a
13

69
34

9
9.

2
5.

6
C

os
co

m
at

ep
ec

14
95

22
3

7.
7

5.
4

Te
ca

m
ac

ha
lc

o
20

47
–3

29
4.

0
7.

4
O

riz
ab

a
12

68
45

0
9.

7
5.

1

C
ol

d 
fr

on
t 1

6

Pe
ro

te
24

10

17
68

–6
92

0.
0

y 
=

–0
.0

06
7x

 +
 

16
.2

54
0.

97
–0

.0
06

7

4.
6

4.
7

24
26

26
73

.2
1.

0
N

ul
l

X
al

ap
a

13
69

34
9

8.
0

5.
7

C
os

co
m

at
ep

ec
14

95
22

3
5.

7
4.

2
Te

ca
m

ac
ha

lc
o

20
47

–3
29

2.
5

4.
7

O
riz

ab
a

12
68

45
0

7.
2

4.
2

C
ol

d 
fr

on
t 1

9

Pe
ro

te
24

10

17
68

–6
92

0.
8

y 
=

–0
.0

06
x 

+ 
15

.1
88

0.
97

–0
.0

06

5.
0

5.
0

25
31

18
87

.5
1.

9
N

ul
l

X
al

ap
a

13
69

34
9

7.
7

5.
6

C
os

co
m

at
ep

ec
14

95
22

3
5.

5
4.

2
Te

ca
m

ac
ha

lc
o

20
47

–3
29

3.
2

5.
2

O
riz

ab
a

12
68

45
0

7.
6

4.
9



874 V. Soto et al.
Ta

bl
e 

II
I. 

C
al

cu
la

tio
n 

of
 g

ra
di

en
ts

 a
nd

 th
e 

lo
w

er
 li

m
its

 o
f s

ur
fa

ce
 fr

ee
zi

ng
 fo

r e
ac

h 
fr

on
ta

l s
ys

te
m

 th
at

 a
ffe

ct
ed

 th
e 

st
ud

y 
re

gi
on

. T
he

 e
xt

en
t o

f f
ro

ze
n 

su
rf

ac
e,

 
pr

ec
ip

ita
tio

n 
pe

r a
ffe

ct
at

io
n 

pe
rio

d,
 a

nd
 th

e 
pr

es
en

ce
 o

f s
no

w
fa

ll 
ar

e 
al

so
 re

po
rte

d.

A
ut

om
at

ic
w

ea
th

er
st

at
io

n

A
lti

tu
de

(m
as

l)

Av
er

ag
e

al
tit

ud
e

(m
as

l)

A
lti

tu
de

D
iff

er
en

ce
(m

–1
)

Te
m

pe
ra

tu
re

(ºC
)

R
eg

re
ss

io
n

eq
ua

tio
n

R
2

Te
m

pe
ra

tu
re

ve
rti

ca
l

gr
ad

ie
nt

(ºC
/m

)

A
lti

tu
de

ad
ju

st
ed

te
m

pe
ra

tu
re

(ºC
)

A
dj

us
te

d 
av

er
ag

e 
te

m
pe

ra
tu

re
(ºC

)

A
lti

tu
de

of
 0

ºC
is

ot
he

rm
 

(m
as

l)

Fr
oz

en
ar

ea
(k

m
2 )

To
ta

l 
ac

cu
m

ul
at

ed
 

pr
ec

ip
ita

tio
n 

(m
m

)

Sn
ow

fa
ll 

nu
ll/

po
ss

ib
le

/
co

nfi
rm

ed
(d

at
e)

C
ol

d 
fr

on
t 2

1

Pe
ro

te
24

10

17
68

–6
92

3.
5

y 
=

–0
.0

06
5x

 +
 

18
.4

71
0.

94
–0

.0
06

5

8.
0

7.
4

28
42

91
6.

3
33

.3
C

on
fir

m
ed

Ja
n/

10
–1

1

X
al

ap
a

13
69

34
9

10
.6

8.
3

C
os

co
m

at
ep

ec
14

95
22

3
8.

7
7.

3
Te

ca
m

ac
ha

lc
o

20
47

–3
29

4.
3

6.
4

O
riz

ab
a

12
68

45
0

9.
8

6.
9

C
ol

d 
fr

on
t 2

2

Pe
ro

te
24

10

17
68

–6
92

3.
0

y 
=

–0
.0

04
5x

 +
 

13
.9

29
0.

90
–0

.0
04

5

6.
1

6.
2

30
95

49
8.

2
8.

8
C

on
fir

m
ed

Ja
n/

16
–1

7

X
al

ap
a

13
69

34
9

8.
5

6.
9

C
os

co
m

at
ep

ec
14

95
22

3
6.

0
5.

0
Te

ca
m

ac
ha

lc
o

20
47

–3
29

5.
1

6.
6

O
riz

ab
a

12
68

45
0

8.
4

6.
4

C
ol

d 
fr

on
t 2

3

Pe
ro

te
24

10

17
68

–6
92

6.
2

y 
=

–0
.0

05
x 

+ 
18

.0
54

0.
90

–0
.0

05

9.
7

9.
4

36
10

19
9.

4
14

.3
Po

ss
ib

le
 a

bo
ve

 
40

00
 m

as
l

X
al

ap
a

13
69

34
9

12
.5

10
.8

C
os

co
m

at
ep

ec
14

95
22

3
9.

9
8.

8
Te

ca
m

ac
ha

lc
o

20
47

–3
29

7.
4

9.
0

O
riz

ab
a

12
68

45
0

11
.1

8.
9

C
ol

d 
fr

on
t 2

4

Pe
ro

te
24

10

17
68

–6
92

3.
4

y 
=

–0
.0

09
8x

 +
 

26
.8

73
0.

99
–0

.0
09

8

10
.2

10
.1

27
42

11
67

.6
0

N
ul

l
X

al
ap

a
13

69
34

9
14

.0
10

.6
C

os
co

m
at

ep
ec

14
95

22
3

12
.3

10
.1

Te
ca

m
ac

ha
lc

o
20

47
–3

29
6.

8
10

.0
O

riz
ab

a
12

68
45

0
14

.1
9.

7

C
ol

d 
fr

on
t 2

6

Pe
ro

te
24

10

17
68

–6
92

0.
5

y 
=

–0
.0

08
8x

 +
 

21
.7

05
0.

98
–0

.0
08

8

6.
6

6.
5

24
66

22
92

.6
1.

6
C

on
fir

m
ed

Ja
n/

28

X
al

ap
a

13
69

34
9

10
.4

7.
3

C
os

co
m

at
ep

ec
14

95
22

3
8.

7
6.

7
Te

ca
m

ac
ha

lc
o

20
47

–3
29

3.
3

6.
2

O
riz

ab
a

12
68

45
0

9.
7

5.
7



875Winter cold conditions, 2021-2022

Ta
bl

e 
II

I. 
C

al
cu

la
tio

n 
of

 g
ra

di
en

ts
 a

nd
 th

e 
lo

w
er

 li
m

its
 o

f s
ur

fa
ce

 fr
ee

zi
ng

 fo
r e

ac
h 

fr
on

ta
l s

ys
te

m
 th

at
 a

ffe
ct

ed
 th

e 
st

ud
y 

re
gi

on
. T

he
 e

xt
en

t o
f f

ro
ze

n 
su

rf
ac

e,
 

pr
ec

ip
ita

tio
n 

pe
r a

ffe
ct

at
io

n 
pe

rio
d,

 a
nd

 th
e 

pr
es

en
ce

 o
f s

no
w

fa
ll 

ar
e 

al
so

 re
po

rte
d.

A
ut

om
at

ic
w

ea
th

er
st

at
io

n

A
lti

tu
de

(m
as

l)

Av
er

ag
e

al
tit

ud
e

(m
as

l)

A
lti

tu
de

D
iff

er
en

ce
(m

–1
)

Te
m

pe
ra

tu
re

(ºC
)

R
eg

re
ss

io
n

eq
ua

tio
n

R
2

Te
m

pe
ra

tu
re

ve
rti

ca
l

gr
ad

ie
nt

(ºC
/m

)

A
lti

tu
de

ad
ju

st
ed

te
m

pe
ra

tu
re

(ºC
)

A
dj

us
te

d 
av

er
ag

e 
te

m
pe

ra
tu

re
(ºC

)

A
lti

tu
de

of
 0

ºC
is

ot
he

rm
 

(m
as

l)

Fr
oz

en
ar

ea
(k

m
2 )

To
ta

l 
ac

cu
m

ul
at

ed
 

pr
ec

ip
ita

tio
n 

(m
m

)

Sn
ow

fa
ll 

nu
ll/

po
ss

ib
le

/
co

nfi
rm

ed
(d

at
e)

C
ol

d 
fr

on
t 2

8

Pe
ro

te
24

10

17
68

–6
92

4.
0

y 
=

–0
.0

02
5x

 +
 

9.
55

89
0.

73
–0

.0
02

5

5.
7

5.
3

38
24

10
9.

1
5.

0
Fe

b/
8–

9
X

al
ap

a
13

69
34

9
7.

0
6.

1
C

os
co

m
at

ep
ec

14
95

22
3

4.
8

4.
2

Te
ca

m
ac

ha
lc

o
20

47
–3

29
4.

0
4.

8
O

riz
ab

a
12

68
45

0
6.

6
5.

5

C
ol

d 
fr

on
t 2

9

Pe
ro

te
24

10

17
68

–6
92

–0
.7

y 
=

–0
.0

08
x 

+ 
18

.9
59

0.
99

–0
.0

08

4.
8

5.
2

23
70

29
49

1.
1

Po
ss

ib
le

X
al

ap
a

13
69

34
9

N
D

N
D

C
os

co
m

at
ep

ec
14

95
22

3
6.

8
5.

0
Te

ca
m

ac
ha

lc
o

20
47

–3
29

3.
3

5.
9

O
riz

ab
a

12
68

45
0

8.
8

5.
2

C
ol

d 
fr

on
t 3

0

Pe
ro

te
24

10

17
68

–6
92

3.
5

y 
=

–0
.0

06
6x

 +
 

19
.0

36
0.

88
–0

.0
06

6

8.
1

7.
6

28
84

82
4.

4
0.

7
Po

ss
ib

le
X

al
ap

a
13

69
34

9
11

.7
9.

4
C

os
co

m
at

ep
ec

14
95

22
3

9.
1

7.
6

Te
ca

m
ac

ha
lc

o
20

47
–3

29
4.

5
6.

7
O

riz
ab

a
12

68
45

0
9.

3
6.

3

C
ol

d 
fr

on
t 3

1

Pe
ro

te
24

10

17
68

–6
92

–1
.7

y 
=

–0
.0

08
1x

 +
 

18
.6

58
0.

89
–0

.0
08

1

3.
9

4.
7

23
03

29
49

0
N

ul
l

X
al

ap
a

13
69

34
9

9.
1

6.
3

C
os

co
m

at
ep

ec
14

95
22

3
4.

9
3.

1
Te

ca
m

ac
ha

lc
o

20
47

–3
29

3.
5

6.
2

O
riz

ab
a

12
68

45
0

7.
8

4.
2

C
ol

d 
fr

on
t 3

4

Pe
ro

te
24

10

17
68

–6
92

8.
1

y 
=

–0
.0

04
9x

 +
 

18
.9

25
0.

78
–0

.0
04

9

11
.5

11
.3

38
62

97
.1

0
N

ul
l

X
al

ap
a

13
69

34
9

16
.5

14
.8

C
os

co
m

at
ep

ec
14

95
22

3
10

.4
9.

3
Te

ca
m

ac
ha

lc
o

20
47

–3
29

7.
7

9.
3

O
riz

ab
a

12
68

45
0

14
.0

11
.8



876 V. Soto et al.

Ta
bl

e 
II

I. 
C

al
cu

la
tio

n 
of

 g
ra

di
en

ts
 a

nd
 th

e 
lo

w
er

 li
m

its
 o

f s
ur

fa
ce

 fr
ee

zi
ng

 fo
r e

ac
h 

fr
on

ta
l s

ys
te

m
 th

at
 a

ffe
ct

ed
 th

e 
st

ud
y 

re
gi

on
. T

he
 e

xt
en

t o
f f

ro
ze

n 
su

rf
ac

e,
 

pr
ec

ip
ita

tio
n 

pe
r a

ffe
ct

at
io

n 
pe

rio
d,

 a
nd

 th
e 

pr
es

en
ce

 o
f s

no
w

fa
ll 

ar
e 

al
so

 re
po

rte
d.

A
ut

om
at

ic
w

ea
th

er
st

at
io

n

A
lti

tu
de

(m
as

l)

Av
er

ag
e

al
tit

ud
e

(m
as

l)

A
lti

tu
de

D
iff

er
en

ce
(m

–1
)

Te
m

pe
ra

tu
re

(ºC
)

R
eg

re
ss

io
n

eq
ua

tio
n

R
2

Te
m

pe
ra

tu
re

ve
rti

ca
l

gr
ad

ie
nt

(ºC
/m

)

A
lti

tu
de

ad
ju

st
ed

te
m

pe
ra

tu
re

(ºC
)

A
dj

us
te

d 
av

er
ag

e 
te

m
pe

ra
tu

re
(ºC

)

A
lti

tu
de

of
 0

ºC
is

ot
he

rm
 

(m
as

l)

Fr
oz

en
ar

ea
(k

m
2 )

To
ta

l 
ac

cu
m

ul
at

ed
 

pr
ec

ip
ita

tio
n 

(m
m

)

Sn
ow

fa
ll 

nu
ll/

po
ss

ib
le

/
co

nfi
rm

ed
(d

at
e)

C
ol

d 
fr

on
t 3

5

Pe
ro

te
24

10

17
68

–6
92

0.
9

y 
=

–0
.0

05
8x

 +
 

15
.8

44
0.

87
–0

.0
05

8

4.
9

5.
9

27
32

11
97

.9
0.

3
N

ul
l

X
al

ap
a

13
69

34
9

8.
1

6.
1

C
os

co
m

at
ep

ec
14

95
22

3
6.

1
4.

8
Te

ca
m

ac
ha

lc
o

20
47

–3
29

5.
6

7.
5

O
riz

ab
a

12
68

45
0

8.
6

6.
0

C
ol

d 
fr

on
t 3

6

Pe
ro

te
24

10

17
68

–6
92

4.
3

y 
=

–0
.0

07
6x

 +
 

23
.7

07
0.

81
–0

.0
07

6

9.
6

10
.6

31
19

47
4.

7
0

N
ul

l
X

al
ap

a
13

69
34

9
15

.5
12

.8
C

os
co

m
at

ep
ec

14
95

22
3

10
8

9.
1

Te
ca

m
ac

ha
lc

o
20

47
–3

29
9.

8
12

.3
O

riz
ab

a
12

68
45

0
12

.7
9.

3

C
ol

d 
fr

on
t 3

8

Pe
ro

te
24

10

17
68

–6
92

–0
.6

y 
=

–0
.0

06
4x

 +
 

16
.1

18
0.

82
–0

.0
06

4

3.
8

5.
2

25
18

19
60

.2
0

N
ul

l
X

al
ap

a
13

69
34

9
N

D
N

D
C

os
co

m
at

ep
ec

14
95

22
3

5.
9

4.
5

Te
ca

m
ac

ha
lc

o
20

47
–3

29
5.

3
7.

4
O

riz
ab

a
12

68
45

0
7.

9
5.

0



877Winter cold conditions, 2021-2022

100 km

NRegion Air freezing surface Accumulated precipitation

Fig. 4. Sequence of surface freezing and accumulated precipitation maps for each cold front.

Region Snowpack
10 km

N

Sentinel-2 Jan 13 2022 RGB Sentinel-2 Jan 18 2022 RGB Sentinel-2 Jan 28 2022 RGB

Fig. 5. Sentinel 2 RGB images showing snow accumulation (blue polygons). From left to right, frontal 
systems 21 (January 8-13), 22 (January 14-17), and 26 (January 26-30).
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at higher altitudes recorded the lowest temperatures. 
According to Figure 7, the concentration of settle-
ments is directly related to their altitude; therefore, 
most settlements are located at the top of the boxes 
(lower altitude: 2400 masl). On the other hand, higher 
and more isolated localities show greater dispersion 
compared to the average (highest altitude locality: 
3404 masl), as seen in Figure 2.
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Fig. 6. Number of localities and inhabitants exposed to freezing temperatures per cold front and state. The underlined 
numbers represent the sum of the two states for each of the frontal systems.

Fig. 7. Distribution of locations in relation to temperature 
ranges per frontal system.
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some of these cold fronts had direct implications 
for temperature and precipitation in the northern 
states and mountainous areas of the country’s center, 
resulting in freezing environmental conditions and 
occasional snowfall.

The study region was directly affected by 18 of the 
total number of frontal systems that entered Mexican 
territory, as the altitude of the region’s relief (between 
2400 and 5610 masl) determined the presence of 
freezing temperatures during the arrival of these 
cold fronts; this is why the total surface of the region 
(2949 km2) remained frozen in at least three of the 18 
cold fronts that affected it. In the rest of the occasions, 
the freezing isotherm altitude was located according 
to the temperature variation with respect to the terrain 
(i.e., between 2259 and 3862 masl), as seen in Figure 4. 
However, for a more detailed understanding of the 
temperature ranges during each cold front, especially 
regarding freezing temperatures and specific loca-
tions, refer to the graphical representation in Figure 7.

The extreme temperature values recorded in the 
localities of the study region (pink dots) can be ob-
served, ranging from ~6 to just under –11 ºC (dashed 
gray lines). The highest temperatures correspond to 
the localities in the area’s lower parts, while those 
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The variation of the ATVG between one cold front 
and another (in this case, from –0.0025 to –0.0114 ºC 
per meter of elevation of the relief) emphasizes the 
need to calculate a specific ATVG for each study area 
and for each time that it is necessary to estimate the 
temperature in mountain relief, just as Soto and Del-
gado (2020) indicate. This is calculated through the 
values recorded by the stations surrounding the area 
of interest, as done in this work. Otherwise, using a 
standard ATVG, whether global, annual, or seasonal, 
would generate a high degree of uncertainty when 
calculating the temperature in mountainous areas for 
a specific occasion.

During cold front 14, the region experienced a 
significant drop in temperature. The city of Perote, 
which typically has an annual maximum temperature 
of 21.7 ºC and a minimum of 3.8 ºC, reached a low 
of –2.8 ºC. This temperature decrease is comparable 
to the average temperature observed throughout the 
year in the lower zone of the Pico de Orizaba glacier, 
which is located at 5130 masl (Soto et al., 2019). 
Satellite images were used to confirm the correlation 
between the freezing temperature and precipitation 
patterns in the region. The images display layers 
of snow covering the summits, slopes of the three 
main mountains, and part of the central zone of the 
mountain range. Given the thermal conditions and 
humidity, it is likely that there was a short duration 
of snow or sleet precipitation; however, due to the 
temporal resolution of the satellite images and the 
presence of cloudiness, it cannot be confirmed.

Environmental impacts resulting from the dis-
placement of polar air masses in North America are 
becoming more frequent and intense. For instance, 
in the second week of January 2024, severe winter 
storms hit vast regions of the US, causing tempera-
tures to drop by up to ~10 ºC below the seasonal av-
erage and resulting in 83 confirmed deaths (Gorman, 
2024). In Mexico, temporary road closures in north-
ern states have been caused by frontal systems 27 and 
28, which brought snowfall. Also, low temperatures 
and humidity caused snowfall at elevations above 
~4000 masl in the main mountains of the Neovolca-
nic Axis. In Veracruz, the highlands experienced a 
temperature of –10 ºC (Vázquez, 2024) and received 
intense precipitation that covered the summits and 
slopes of the Sierra Negra, Pico de Orizaba, and 
Cofre de Perote volcanoes with snow (Reyes, 2024).

Although only one year of the winter season has 
been studied, this research aims not to compare it with 
the climatological conditions of previous years. In-
stead, the objective is to highlight how the 2021-2022 
winter impacted a region of high social, economic, 
and ecosystemic value. However, this temporality can 
also cause bias if a statistical climatological analysis 
is intended. For this reason, and to mitigate as much 
as possible the potential limitation of this study, it is 
recommended that the winter seasons in the region be 
monitored continuously to obtain higher-quality data 
for subsequent works, where more specific impacts 
can be analyzed, such as the generation of droughts 
and the decrease in agricultural production, among 
other important consequences.

Regardless of all the above, and from a clima-
tological perspective, the procedures developed in 
this work have demonstrated the accuracy of the 
methodology used to analyze the impact of winter 
cold conditions. This methodology can be applied 
not only in the study region but also in other moun-
tainous areas throughout the country, such as the 
Iztaccíhuatl-Popocatépetl strip, the mountainous 
regions of Chihuahua and Durango, as well as Baja 
California, among other areas commonly affected 
by severe winter cold. At the same time, it helps 
to understand the potential impact of freezing en-
vironments on ecosystems and, more importantly, 
on human settlements located within these regions.

4.2 Impact on the region’s population
Of the 388 localities in the study region, which 
includes both Puebla and Veracruz, with a total pop-
ulation of 333 465, many experienced freezing con-
ditions during the winter of 2021-2022. The severity 
of the temperature drop varied depending on altitude. 
Frontal systems 14, 16, 29, and 31 placed almost the 
entire population under negative temperatures. How-
ever, frontal systems 22 and 36 had the least impact 
on inhabitants, affecting only those in localities at 
higher elevations. This is because some settlements 
are located in the highest parts of the mountain range 
(>3000 masl). Nevertheless, these two cold fronts 
affected at least 5090 and 3363 inhabitants of these 
localities, respectively.

The magnitude of the impact on the population’s 
health depends mainly on their level of vulnerabil-
ity to intense cold conditions, which is commonly 
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associated with the degree of marginalization of the 
localities. According to data from CONAPO (2020), 
it is possible to categorize the different degrees of 
marginalization of urban and rural localities in the 
study region. It is important to note that, according 
to INEGI (2021), the main difference between urban 
and rural settlements is based on whether the former 
has a population greater than 2500 inhabitants. Table 
IV shows the number of urban and rural localities and 
their respective populations according to their levels 
of marginalization.

Of all the communities in the study region, lo-
calities in Veracruz with high (43.2%) and medium 
(38.5%) degrees of marginalization are prevalent, 
while in Puebla those with medium (46.0%) and 
low (27.8%) degrees of marginalization are more 
common. However, most of the population in both 
states resides in the low category, which is due to the 
presence of densely populated urban areas that offer 
more basic services. However, the most vulnerable 
populations are those lacking basic services due to 
their remote location, which may increase their vul-
nerability to the intense cold of winter. In the moun-
tainous regions of Mexico, this largely marginalized 
population is frequently located at altitudes above 
2500 masl; the statement is congruent with the remote 
human settlements within the Pico de Orizaba-Cofre 
de Perote mountain range.

During the winter of  2021-2022, 13 of the 15 
frontal systems that impacted the study region had 
continuous effects on 11 remote rural localities, 
which had a combined population of 3359 inhabi-
tants. These areas are notable for their high (eight 
localities) and medium (three localities) levels of 
marginalization, which likely impact their ability to 

cope with adverse weather conditions, particularly 
freezing temperatures. If we consider future projec-
tion models, which indicate an increase in severe 
cold conditions occurring with greater frequency 
and intensity, this region’s inhabitants will need 
to increase their capacity to adapt to the coming 
scenarios.

Another topic worth addressing is the attraction 
that snow causes for people unfamiliar with this 
element. It is common for residents of nearby cit-
ies to visit snowy areas for recreational purposes, 
often without considering the potential health risks 
posed by low temperatures. This situation calls for 
implementing community-level preventive measures 
to avoid cold-related illnesses.

5.	 Conclusions
The changing global climate conditions are causing 
a wider range of extreme temperature values, among 
other consequences. In recent years, the northern hemi-
sphere has experienced a higher frequency of severe 
winter storms that have paralyzed all kinds of daily 
activities and, in extreme cases, have claimed the lives 
of many people. The region between Pico de Orizaba 
and Cofre de Perote frequently experiences freezing 
conditions during winter. Due to social marginaliza-
tion, low temperatures have a greater impact on the 
most vulnerable population. However, among all the 
locations within the study region, those corresponding 
to the state of Veracruz appear to be the most suscep-
tible to these impacts due to their higher vulnerability.

The contributions of this work can be differentiated 
from two points of view. The first proposes a meth-
odology useful for estimating temperature conditions 

Table IV. Levels of marginalization per state. 

Level of
marginalization 

Puebla Veracruz

Number of localities Total population Number of localities Total population

Very high U/R: 0/6 310 U/R: 0/6 526
High U/R: 1/28 12 330 U/R: 2/62 22 579
Medium U/R: 10/71 64 423 U/R: 6/51 34 779
Low U/R: 16/33 126 712 U/R: 7/11 68 585
Very low U/R: 0/11 2611 U/R: 0/3 47

U: urban localities; R: rural localities.
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prevailing in high mountain environments where the 
lack of climatological stations is common. Therefore, 
the methods used in this work can be applied to other 
regions and any period of interest. The second contri-
bution relates to the harsh winter conditions that the 
most marginalized mountain populations may be ex-
posed to, which can represent a greater vulnerability to 
the harshness of severe winter weather. It is important 
to remember that three-quarters of the Mexican ter-
ritory is composed of mountainous relief, and a large 
number of populations are located in high-altitude 
areas. This situation invites reflection on the future sce-
narios that these populations will face in the extreme 
conditions of a changing climate. Simultaneously, this 
partially highlights the necessity for local disaster risk 
management in circumstances of low temperatures.
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