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Abstract. This study shows a statistical, synoptic and ther-
modynamic analysis of hailstorms in the Mexican Altiplano 
(AL-ME), a region that concentrates a large number of events 
each year. For this purpose, the annual cycle of hailstorms 
was calculated and related to storm and rain events, and 
databases from the National Meteorological Service (SMN) 
of the meteorological observatories of Puebla, Tlaxcala, State 
of Mexico, Hidalgo and Mexico City, during the period 
1981-2017, were used. In addition, three severe hail events 
were selected and analyzed through satellite images of the 
infrared (IR) channel, synoptic charts, proximity sound-
ings and composite maps of meteorological variables made 
with ERA5 reanalysis data. The results show that hail events 
increase in April and decrease in November. The vertical 
profiles generated allowed identifying the thermodynamic 
characteristics of these phenomena, where values of Available 
Convective Potential Energy between 642 J/kg and 2166 
J/kg, Convective Inhibition from 0 J/kg to -28 J/kg and a 
good performance of the Elevation Index, between -3 and -7, 
were observed for hail detection. Finally, synoptic patterns 

that favored the analyzed hailstorms were identified, such as 
high pressure over the Gulf of Mexico and a trough over the 
study region, which predominated during the three events.

Keywords: hail, extreme weather events, climatology, prox-
imity survey, synoptic analysis.

Resumen. Este estudio muestra un análisis estadístico, si-
nóptico y termodinámico de las granizadas en el Altiplano 
Mexicano (AL-ME), región que concentra una gran cantidad 
de eventos cada año. Para ello se calculó el ciclo anual de las 
granizadas y se relacionó con eventos de tormenta y lluvia, 
y se emplearon bases de datos del Servicio Meteorológico 
Nacional (SMN) de los observatorios meteorológicos de 
Puebla, Tlaxcala, Estado de México, Hidalgo y Ciudad 
de México, durante el periodo de 1981-2017. Además, se 
seleccionaron tres eventos de granizo severo y se analizaron a 
través de imágenes de satélite del canal infrarrojo (IR), cartas 
sinópticas, sondeos de proximidad y mapas compuestos de 
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variables meteorológicas realizadas con datos de reanálisis 
ERA5. Los resultados muestran que los eventos de granizo 
se incrementan en abril y disminuyen en noviembre. Los 
perfiles verticales generados permitieron identificar las 
características termodinámicas de estos fenómenos, donde 
se observaron valores de Energía Potencial Convectiva Dis-
ponible entre 642 J/kg y 2166 J/kg, Inhibición Convectiva 
de 0 J/kg a -28 J/kg y un buen rendimiento del Índice de 

Elevación, entre -3 y -7, para la detección de las granizadas. 
Finalmente, se identificaron patrones sinópticos que favore-
cieron las granizadas analizadas, como son una alta presión 
sobre el Golfo de México y una vaguada sobre la región de 
estudio, mismas que predominaron durante los tres eventos.

Palabras clave: granizo, eventos meteorológicos extremos, 
climatología, sondeo de proximidad, análisis sinóptico. 

INTRODUCTION

Hailstorms have been studied worldwide for being 
extreme and punctual meteorological phenomena 
that usually cause considerable adverse effects in the 
areas of occurrence. It can be defined as precipita-
tion of irregular ice conglomerates formed in clouds 
with strong convective activity. It begins with water 
drops that are carried by upward currents within 
a cumulonimbus cloud, causing increasing cool-
ing to freezing temperatures, and hail is formed 
(Banchero, 2017). When hailstone particles are too 
heavy to be sustained by the ascending currents, 
they fall to the ground.

The size of hail varies from 5 millimeters in di-
ameter to stones the size of a golf ball or larger. The 
latter represents a greater danger to society (Prieto 
et al., 2021); such storms have resulted in the loss 
of human lives (Dube y Rao, 2005) and countless 
economic damages. However, most impacts are 
commonly observed in rural regions (particularly 
in the agricultural sector), while urban areas usually 
show impacts on hydraulic infrastructure, sew-
age, housing, road network, and the automotive 
industry (Allen et al., 2017; Allen y Tippett, 2021; 
Peña-Beltrán y Pabón-Caicedo, 2020; Punge y 
Kunz, 2016; Schemm et al., 2016). For instance, 
the sum of economic losses due to hailstorms in 
the agricultural, urban, and automotive sectors 
in Germany, Belgium, and France amounted to 
EUR 5.1 billion in 2013 and 2014 alone (Punge y 
Kunz, 2016), while the United States of America 
(U.S.) estimates average losses in property and crop 
damage of around 850 million dollars each year 
(Gagne et al., 2017).

In Mexico, estimated losses due to hailstorms 
amount to millions of pesos per year, mainly in the 
automotive industry. It is estimated that the city of 
Puebla, Mexico, suffered losses of 20 million dol-

lars due to the impact of hail to newly produced 
vehicles during 2017 (Campetella, 2018). In this 
same state, the agricultural sector reported losses 
of 266.5 million pesos between 2011 and 2017 
(Ruiz, 2018). Nationwide, losses of around 7 bil-
lion pesos were estimated in 2008 alone (Martínez 
et al., 2013).

Hailstorms are recorded virtually all over the 
world, related to strong convective activity (Baldi 
et al., 2014; Kunz et al., 2009; Novo y Raga, 
2013). Previous studies have indicated that con-
vection gives rise to hailstorms and frontal systems 
(Schemm et al., 2016). In addition, the relationship 
of temporal and spatial characteristics of hailstorm 
frequency with thermodynamic factors has been 
explored; for example, high relative humidity (RH), 
low convective inhibition (CIN) and elevation in-
dex (LI) values, high available convective potential 
energy (CAPE) values, and strong wind shear (Beal 
et al., 2020; Lkhamjav et al., 2017). Another rela-
tionship previously studied in the Mexican context 
is the interaction of tropical cyclones, east waves, 
and cold fronts that boost convective development 
and favor hail storms (León-Cruz et al., 2021).

In Mexico, little is currently known about 
the characteristics of convective and hail storms. 
Some studies on the characteristics of this type of 
phenomenon in central Mexico using radar and 
satellite data have shown its spatio-temporal dis-
tribution and some of its characteristics (Jiménez 
et al., 2012; León-Cruz et al., 2021; Novo y Raga, 
2013). Recently, the environmental conditions 
associated with hail and thunderstorms in Mexico 
have also been characterized using a proximity 
survey approach with reanalysis data (León-Cruz 
et al., 2023).

Previous studies have identified that the Mexi-
can states most affected by hailstorms are Puebla, 
Hidalgo, Tlaxcala, Estado de México, and Mexico 
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City (Jiménez et al., 2012). Since it is currently 
impossible to avoid considerable damage from 
hail (Baldi et al., 2014), it represents a potential 
hazard that may lead to significant economic losses 
in various sectors - and, indeed, generates them, 
according to the available statistics. In this sense, 
contributing to the knowledge of these phenomena 
through the analysis of the annual cycle, seasonal 
variation, and spatial distribution (Mezher et al., 
2012; Santos y Belo-Pereira, 2018; Zhang et al., 
2008) is vitally importance for risk and emergency 
managers.

In this context, this study aims to present an 
updated climatology of hailstorms in the Mexican 
Plateau and examines, through case studies, the 
main characteristics of these storms using various 
meteorological data sources.

Study Area
Central Mexico is characterized by a long strip of 
high ground that crosses it in an east-west direction 
and covers a large part of the so-called Mexican 
Plateau (ME-PL) (Novo and Raga, 2013). The study 
area included the State of Mexico, Puebla, Tlax-
cala, Hidalgo, and Mexico City (CDMX) (Figure 
1). The highest zones in the study area are located 
in Puebla, with the volcanoes Citlaltepetl or Pico 
de Orizaba (5610 m a.s.l.), Popocatepetl (5465 m 
a.s.l., and La Malinche (4461 m a.s.l.).

The climate of the study area by State is repre-
sented as follows: 99 % of the territory of Tlaxcala, 
87 % of CDMX, 73 % of the State of Mexico, 
and 35 % of Puebla have a temperate-subhumid 
climate, while 39% of the territory of Hidalgo 
has a dry/semi-dry climate and 33 %, a subhumid 

Study Zone 

Meteorological observatories

Hidalgo (2369 msnm)

Puebla (2179 msnm)

CDMX (2308.6 msnm)

Tlaxcala (2281 msnm)

State of Mex. (2723 msnm)

States of the study area

Relief  (msnm)

0 - 1000
1000 - 2100
2100 - 2150
2150 - 2200
2200 - 2350
2350 - 2400
2400 - 2600
2600 - 2800
2800 - 3000
3000 - 3200
3200 - 3500
3500 - 4000
4000 - 5600

                           Symbology

Scale

Based on:  Conjunto de datos vectoriales de la serie
topográfica de INEGI. Curvas de Nivel.
Edition: 2000
Topographical chart: ITRF92

Figure 1. Map showing the location of the study area. The relief and location of the meteorological stations included in 
the study are shown. Source: Own elaboration.
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temperate climate (INEGI, 2021). The study area 
also harbors a large population exposed to severe 
weather events such as hailstorms. According to the 
latest national population census (INEGI, 2021), 
this region concentrates 37 million inhabitants, 
representing 29.5 % of the Mexican population.

DATA AND METHODS

Hail Database
Ground meteorological stations have been used 
for several analyses of hailstorms, especially to 
determine the climatology associated with this phe-
nomenon (p. ej., Beal et al., 2020; Jelić et al., 2020; 
Peña-Beltrán y Pabón-Caicedo, 2020). This study 
used information from five ground meteorologi-
cal stations of Mexico’s National Meteorological 
Service (SMN) (Figure 1). These meteorological 
stations record hailstorms following the guide-
lines provided by the SMN through the National 
Water Commission (CONAGUA, in Spanish) in 
the Theoretical-Practical Manual of Ground Meteo-
rological Stations (CONAGUA, 2010), a document 
that has adopted the technical bases suggested by 
the World Meteorological Organization (WMO). 
The database used includes daily hailstorm records 
from 1 January 1981 to 31 December 2017. Using 
these data, a statistical analysis of precipitation, 
temperature, and storm events was carried out to 
confirm hailstorm events (Beal et al., 2020; Santos 
y Belo-Pereira, 2018).

Since hail is a meteorological phenomenon with 
a high spatio-temporal variability usually associated 
with local damage, sometimes it is not recorded by 
meteorological stations (Beal et al., 2020). For this 
reason, to detect hailstorms that caused significant 
effects in the cities surrounding the stations, this 
study used information from digital media, similar 
to other investigations (Kahraman et al., 2016). 
This information supplemented the data recorded 
by meteorological stations and provided additional 
information on the severity of hailstorm events.

Selection of Case Studies
In addition to the data mentioned above and in-
formation gathered from meteorological stations, 

we used reports published in the Official Journal 
of the Federation (DOF, in Spanish) of the Mexican 
government, particularly the declarations of disas-
ter and emergency associated with hailstorms in 
the study area. The second search aimed to identify 
cases with high social impact that would later serve 
for in-depth investigation. From the information 
collected, three case studies were selected: 11 
August 2006 (Case 1), 17 August 2014 (Case 2), 
and 16 June 2016 (Case 3). The selection of case 
studies based on reports on their impact helped us 
identify the severity of hailstorms, an aspect not 
contemplated by meteorological stations and not 
reflected in the SMN databases.

Reanalysis Data
For the analysis of the case studies, we used ERA5 
reanalysis data from the European Centre for Medi-
um-Range Weather Forecasts (ECMWF) (Hersbach 
et al., 2020). The objective of using these data was 
to analyze the conditions in the upper atmosphere 
and identify, through synoptic composites and 
proximity surveys, the atmospheric conditions 
that gave rise to hailstones in the study region. 
ERA5 data have been widely used in the literature 
to analyze hailstorm events (e.g., Beal et al., 2020; 
Jelić et al., 2020; Lkhamjav et al., 2017; Punge et 
al., 2017; Santos y Belo- Pereira, 2018). These data 
cover the period from January 1959 to date and 
are provided by the Copernicus Climate Change 
Service (C3S). ERA5 provides hourly estimates of a 
large number of atmospheric terrestrial and oceanic 
climate variables in a 0.25°×0.25° grid. It resolves 
the atmosphere using 37 pressure levels (1000 
hPa–1 hPa) from the ground to an approximate 
height of 80 km (Hersbach et al., 2020).

For this study, we selected the variables geo-
potential height, relative humidity, zonal (U) and 
southern (V) wind components, divergence, and 
vertical velocity were selected for the 37 available 
pressure levels. The data for the above levels were 
used to generate a synoptic analysis at three man-
datory levels (250 hPa, 500 hPa, and 850 hPa) 
for the selected case studies. In addition, with the 
same ERA5 reanalysis data, proximity surveys were 
generated for each study case using the Rapid Com-
puting and Visualization of Convective Parameters 
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from Rawinsonde and NWP Data (Taszarek et al., 
2023). This free-access R package contains a col-
lection of functions for the rapid calculation and 
visualization of convective parameters commonly 
used in the operational prediction of severe convec-
tive storms. It is worth mentioning that proximity 
surveys refer to the selection of the grid point and 
time closest to the place and time of the hailstorm.

Statistical Treatment
The databases of the five meteorological stations 
were integrated into a single database to facilitate 
their handling and treatment through the Python 
programming language. Each station has a total 
of 13 515 days of information for each variable; 
considering the three variables used (day with 
hail, day with storm, and cumulative daily pre-
cipitation), this translates into a total of 40 545 
data per meteorological station. With these data, 
we calculated the percentage of days with no ob-
servations, yielding an average of 91.5 % of days 
with records. Since the percentage of days with 
no records is less than 15 % in all stations and the 
previous literature has set a threshold of up to 20 

% (e.g., Mezher et al., 2012) of missing data, we 
decided to use all the data.

During the study period, 584 hailstorm events 
were recorded in the five meteorological stations. 
The State of Mexico and Tlaxcala meteorological 
stations recorded the highest percentage of events 
with 1.4 %, followed by CDMX with 0.8 %, Puebla 
with 0.6 %, and Hidalgo with 0.4 % (Table 2). 
The results were used to calculate the annual and 
seasonal hailstorm cycles in the study area. In 
addition to hailstorm events, we calculated the 
annual cycle of storm and rain events to analyze 
the spatio-temporal variability and the relationship 
between variables.

RESULTS AND DISCUSSION

Annual Hailstorm Cycle
The warm season is a characteristic of the highest 
frequency of hailstorms, which occurs between 
May and August in the northern hemisphere 
and between October and March in the southern 
hemisphere (Zhou et al., 2021). For the study area, 

Table 1. Percentage of missing data by meteorological station.

Station No. of days with data No. of days with no data % missing data
CDMX 40 545 2348 5.8
Puebla 40 545 5227 12.9
State of Mex. 40 545 317 0.8
Tlaxcala 40 545 4064 10.0
Hidalgo 40 545 5369 13.2
Total 202 725 17 325 8.5

Table 2. Hailstorm events segregated by meteorological station.

Station Days with records Days with a hailstorm event % of days with a hailstorm event
CDMX 12 370 101 0.8
Puebla 11 697 77 0.6
State of Mex. 13 397 182 1.3
Tlaxcala 12 121 172 1.4
Hidalgo 11 716 52 0.4
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the results show that the most active period of 
hailstorms ranges from April to August (Figure 2), 
related to the warm and humid season that occurs 
during spring and summer in Mexico, similar to 
other countries such as China, Argentina, Australia 
and Mongolia (Lkhamjav et al., 2017; Mezher et 
al., 2012; Schuster et al., 2005; Zhang et al., 2008).

The warm and wet season in the country in-
dicates surface heating that can generate convec-
tion and convergence. These processes transport 
moisture and can cause thunderstorms, possibly 
producing hail (Novo and Raga, 2013; Prieto et al., 
2021). Besides, mesoscale and synoptic-scale phe-
nomena such as tropical cyclones, eastern waves, 
and cold fronts have also been related as triggers of 
thunderstorms that produce hail, with the frontal 
systems being those that most commonly generate 
this type of phenomenon (León-Cruz et al., 2021).

The states of Tlaxcala and Hidalgo show the 
peak of hailstorm events in May, Puebla in June, the 
State of Mexico in July, and CDMX in August (Fig-
ure 2). These differences can be explained by the 
geographic location of the meteorological stations. 
First, humidity flows from the Gulf of Mexico 
prevail at the beginning of the season in the study 
area; later, moisture flows from the Pacific Ocean 
join in in late summer, which, along with the relief, 
regulate the deep convection activity in the study 

area (Figure 3). The above can also explain the in-
crease in hailstorm events in Puebla, Hidalgo, and 
Tlaxcala in the spring, as these stations are located 
closer to the Gulf of Mexico slope, and moisture 
flows arrive in greater proportion before reaching 
Mexico City and the State of Mexico (León-Cruz 
et al., 2021; Novo y Raga, 2013).

The stations at CDMX and the State of Mexico 
record the highest frequency of hailstorm events; 
the latter, which is the station at the highest alti-
tude, recorded the highest number of hail events 
(Table 2). The altitude of stations can be related to 
the location of the 0 °C isotherm, which influences 
the freezing point and the probability of hailstone 
formation and is consistent with previous studies 
(Beal et al., 2020; Lkhamjav et al., 2017; Mezher 
et al., 2012; Zhang et al., 2008; Zhou et al., 2021).

Annual Cycle of Storm and Rain Events
Thunderstorms are atmospheric phenomena 
that regularly cause heavy rains and hailstorms 
(Jiménez et al., 2012; Prieto et al., 2021; Santos 
y Belo-Pereira, 2018). Figure 4 shows the annual 
cycle of hail, rain, and thunderstorm events. The 
results show the relationship of these phenomena 
with the hot and humid season in the study region.

Stations record peak storms in April in Hidalgo, 
June in Puebla and Tlaxcala, July in the State of 

Figure 2. Monthly average 
number of days with hailstorm 
events for the five stations 
analyzed (1981–2017). Source: 
Own elaboration.
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January                    February                    March 

April                      May                      June 

July                     August                  September 

October                   November                   December

Figure 3. Monthly average (1981–2017) of relative humidity (%). The red square indicates the study area. Source: Own 
elaboration.

Mexico, and August in CDMX. The five meteo-
rological stations record December as the month 
with the lowest frequency of storm events (Figure 
4). Generally, there is a higher frequency of storms 
in May, consistent with Prieto et al. (2021).

The annual cycle of precipitation (Figure 4) 
for Puebla and Tlaxcala shows the main peak 
in June and another in August, with a relative 

trough in July. Hidalgo showed peaks in July and 
September and a relative trough in August, while 
CDMX and the State of Mexico do not show 
this pattern. Similarly, precipitation increases 
between April and May and decreases in Octo-
ber and November, as reported by Méndez et al. 
(2008); this same pattern is observed for both hail  
and storms.
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Figure 4. Annual cycle of 
precipitation (dashed line), 
storm (solid line), and hail 
(black bars) events. Source: 
Own elaboration.

ANALYSIS OF CASE STUDIES

Case 1 (hailstorm of 11 August 2006)
On 2 September 2006, the DOF1 published a 
declaration of climatological contingency for 
damages caused by hail that affected the munici-
pality of Terrenate, Tlaxcala, on 11 August 2006, 
coinciding with the hail storm recorded in the 
Tlaxcala meteorological station. On 7 September 
2006, the DOF2 published another declaration of 
climatological contingency for damages caused by 
hail that affected the municipality of Tepetitlán, 
Hidalgo, on the same date of occurrence, although 
the Hidalgo state meteorological station did not 
record this hailstorm.

1 Available at: https://www.dof.gob.mx/nota_detalle.php?c
odigo=4931061yfecha=12/09/2006#gsc.tab=0
2 Available at: https://www.dof.gob.mx/nota_detalle.php?c
odigo=4930350yfecha=07/09/2006#gsc.tab=0

The interpreted image of SMN weather systems 
(Figure 5) shows a trough that spanned from 
the central-eastern USA to central Mexico and 
interacted with tropical wave No. 24. This con-
figuration favored convective storms in the study 
region, similar to previous reports in the literature 
(León-Cruz et al., 2021).

The GOES IR4 satellite image (Figure 6) shows 
the cloud tops that coincide with the location of 
the hailstorms recorded in Hidalgo and Tlaxcala. 
In this sense, and according to the data provided, 
deep clouds are estimated with tops around 12 km.

The proximity survey (supplementary material) 
shows CAPE values of 642 J/kg, CIN of -2 J/kg, LI of 
-3, lifting condensation level (LCL) of 515 m, level 
of free convection (LFC) of 565 m, relative humid-
ity (RH) of 80 % at ground to 2 km and 68 % at 
2 km to 5 km altitudes. Regarding temperature, it 
was 15.8 °C at ground level and -6.0 °C at 500 hPa, 
with the 0 °C isotherm observed at 2485 m. A weak 

http://www.dof.gob.mx/nota_detalle.php?codigo=4931061yfecha%3D12/09/2006&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=4931061yfecha%3D12/09/2006&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=4931061yfecha%3D12/09/2006&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=4930350yfecha%3D07/09/2006&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=4930350yfecha%3D07/09/2006&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=4930350yfecha%3D07/09/2006&gsc.tab=0
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Elaborated: Sergio Vázquez Navarro 11/august/2006   09:00 h

Instability zone

Figure 5. Interpreted image of 
meteorological systems that 
affected the country on 11 
August 2006 at 09:00 hours. 
Source: Image provided by 
the SMN.

Figure 6. GOES infrared satellite image (IR4) (Knapp y 
Wilkins, 2018) for 11 August 2006 at 23:00 UTC (18:00 
local time). Source: Own elaboration.

Brightness temperature (C)

wind shear of 3.1 m/s was observed from low to 
high levels, mainly from the ground to 6 km, with 
the equilibrium level (EL) observed at 9650 m. The 
above indicates an unstable atmosphere associated 
with the synoptic configuration of tropical wave 
No. 24 and the low-pressure channel over the study 
area, which favored deep convection.

The analysis of the RH, geopotential, and wind 
fields at 850 hPa shows an anticyclonic circulation 
over the Gulf of Mexico, which favors the entry 
of moisture flows to the study region, similar to 
the configuration observed in previous studies on 
intense storms in Mexico (León-Cruz et al., 2021; 
Novo y Raga, 2013). The passage of a tropical 
wave and a low geopotential (Figure 7a) are also 
observed, coinciding with the analysis of the SMN 
(Figure 5). The vertical velocity at 500 hPa is 
coupled with the divergence at 250 hPa for the 
state of Tlaxcala (Figure 7b), complementing the 
instability indicated by the proximity survey and 
shown in the satellite image (Figure 6).

Case 2 (hailstorm of 17 August 2014)
This event was recorded in the CDMX me-
teorological station database and coincided with 
the declaration of disaster due to severe rain 
and hail in the Miguel Hidalgo delegation on  
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Figure 7. a) Relative humidity (%) with the wind vector field (km/h) and geopotential height represented by a black solid 
line and marked at 1-decameter intervals, all at 850 hPa. b) Vertical velocity (Pa/s) and wind vector field (km/h), both 
at 500 hPa. Divergence at 250 hPa (10-5/s) is marked with the blue solid line, and the approximate zone of hailstorm 
occurrence is marked with the red box. Source: Own elaboration.

Elaborated: Juana Díaz González 
17/august/2014     19:00 h

Instability
   zone

TS KARINA

Low level jet

Jet
 st

rea
m
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Low level jet

General Coordination of the National Meteorological Service

Figure 8. Interpreted image of 
meteorological systems that 
affected the country on 17 
August 2014 at 19:00 hours. 
Source: Image provided by the 
SMN.

Relative humidity (%), wind (km/h) and geopotential (dam), in 850 hPa
Aug. 11 2006 18:00 h

Vertical velocity wind divergence
Aug.

a)        b)

17 August 2014, published in the DOF3 on 27 
August 2014. Likewise, a declaration of the mu-
nicipality of Naucalpan de Juarez, State of Mexico, 

3 Available at: https://www.dof.gob.mx/nota_detalle.php?c
odigo=5357803yfecha=27/08/2014#gsc.tab=0

as a disaster zone was issued on the same publica-
tion date in the DOF4 and with the date of occur-
rence of the hailstorm; however, the meteorolo- 

4 Available at: https://www.dof.gob.mx/nota_detalle.php?c
odigo=5357804yfecha=27/08/2014#gsc.tab=0

http://www.dof.gob.mx/nota_detalle.php?codigo=5357803yfecha%3D27/08/2014&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=5357803yfecha%3D27/08/2014&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=5357803yfecha%3D27/08/2014&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=5357804yfecha%3D27/08/2014&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=5357804yfecha%3D27/08/2014&gsc.tab=0
http://www.dof.gob.mx/nota_detalle.php?codigo=5357804yfecha%3D27/08/2014&gsc.tab=0


Hernández Comi, Sánchez Ruiz, León Cruz and Martínez Tavera                    Statistical, Synoptic, and Thermodynamic Analysis…

11 • Investigaciones Geográficas • eissn: 2448-7279 • doi: 10.14350/rig.60741 • ARTICLES • Issue 112 • December • 2023 • e60741

Figure 9. GOES infrared satellite image (IR4) (Knapp y 
Wilkins, 2018) for 18 August 2014 at 03:00 UTC (22:00 
local time on 17 August 2014). Source: Own elaboration.

Brightness temperature (C)

gical station database of that area has no record of  
a hailstorm.

The interpreted image of SMN weather systems 
(Figure 8) shows a trough spanning from the north-
west to the center of Mexico. Also observed is the 
prevalence of high pressure and its ridge extending 
near the coast of the Gulf of Mexico, which favored 
the entry of moisture flows into central Mexico. 
The GOES IR4 satellite image (Figure 9) shows a 
well-defined convective core represented by cloud 
tops with brightness temperatures of about -60 °C 
that can be associated with altitudes between 12 km  
and 13 km. The core of the storm identified from 
the satellite image matches the approximate loca-
tions where the hailstorm was recorded.

The proximity survey (supplementary material) 
yielded CAPE values of 2166 J/kg, CIN of 0 J/kg, 
LI of -7, and RH values of 71 % from ground level 
to 2 km and 66 % from 2 km to 5 km, LCL of  
550 m, and LFC also of 550 m. Regarding tempera-
ture, it was 16.8 °C at ground level and -7.5 °C at 

500 hPa, while the 0 °C isotherm was observed at 
1890 m. A wind shear of 11.3 m/s is observed at 
high levels (8 km) associated with the jet stream, 
favoring the equilibrium level at 11 630 m. The 
above indicates a highly unstable atmosphere with 
a high probability of convective development. It is 
worth mentioning that this survey showed a value 
of 0.2 for the Significant Hail Parameter (SHIP); 
although it does not reach the threshold of a severe 
hailstorm (1 to 2), it indicates the possibility of 
hailstorm formation.

The synoptic fields for RH, wind, and geopo-
tential at 850 hPa (Figure 10a) show a geopoten-
tial peak over the Atlantic Ocean with its ridge 
extending to the north Gulf of Mexico. This peak 
produces an anticyclonic movement that pro-
motes moisture flow penetration into the ME-PL. 
Similarly, a geopotential trough spanning from the 
north to the center of Mexico is observed; this same 
system is observed in the SMN interpreted image 
(Figure 8), associated with a trough. Likewise, the 
vertical velocity at 500 hPa coincides with the di-
vergence at 250 hPa (Figure 10b), and wind flows 
along the coast of the Gulf of Mexico have the same 
direction at 850 hPa and 250 hPa (Figure 10b). 
The coupling of various dynamic components of 
the atmosphere confirms that it was humid and 
unstable, which boosted the development of con-
vective storms favorable for hailstorms.

Case 3 (hailstorm of 16 June 2016)
This hailstorm was recorded in the Puebla and Tlax-
cala meteorological station databases. Although no 
emergency declaration was published in the DOF 
for these events, the digital press5 confirmed the 
hailstorm severity in Puebla city, Tlaxcala, and 
CDMX, causing reduced visibility when driving and 
flooding in the main avenues due to the clogging of 
the drainage system. The interpreted image of the 
SMN meteorological systems (Figure 11) shows a 
trough spanning from the Northern Plateau to the 
center of Mexico, in addition to an instability zone 
with a 60 % probability of evolving into a tropical 

5 Available at: https://www.elsoldemexico.com.mx/metrop-
oli/Lluvia-y-granizo-provocan-caos-vial-en-7-delega-ciones-
Puebla-y-Quer%C3%A9taro-178892.html

https://www.elsoldemexico.com.mx/metropoli/Lluvia-y-granizo-provocan-caos-vial-en-7-delega-ciones-Puebla-y-Quer%C3%A9taro-178892.html
https://www.elsoldemexico.com.mx/metropoli/Lluvia-y-granizo-provocan-caos-vial-en-7-delega-ciones-Puebla-y-Quer%C3%A9taro-178892.html
https://www.elsoldemexico.com.mx/metropoli/Lluvia-y-granizo-provocan-caos-vial-en-7-delega-ciones-Puebla-y-Quer%C3%A9taro-178892.html
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Figure 11. Interpreted image 
of meteorological systems that 
affected the country on 16 June 
2016 at 19:00 hours. Source: 
Image provided by the SMN.

Instability 
zone

Instability 
zone

Elaborated: Carmen Canul Poot
16/june/2016       19:00 h

Jet str
eam

Jet str
eam

Low level jet

Dry line

Intertropical convergence 
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Figure 10. a) Relative humidity (%) with the wind vector field (km/h) and geopotential height represented by a black solid 
line and marked at 1-decameter intervals, all at 850 hPa. b) Vertical velocity (Pa/s) and wind vector field (km/h), both at 
500 hPa. Divergence at 250 hPa (10-5/s) marked with the blue solid line. Source: Own elaboration.

Relative humidity (%), wind (km/h) and geopotential (dam), in 850 hPa
Aug. 16 2014 19:00 h

Vertical velocity wind divergence
Aug.

a)        b)

cyclone near the coasts of Jalisco and Colima. The 
circulation associated with the instability zone and 
the trough favored the advection of humidity from 
the Pacific Ocean necessary for the formation of 
storms toward central Mexico.

The GOES IR satellite image (Figure 12) shows, 
for the time close to the hailstorm, cloud tops 
with temperatures ranging from -50 °C to -60 °C, 
representative of deep convection and cloud devel-
opment heights between 12 km and 13 km. It is 
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from the north to the center of the country. Ad-
ditionally, a geopotential peak is observed over the 
Caribbean Sea. Its ridge extends to the northern 
Gulf of Mexico, generating an anticyclonic circula-
tion that favors the penetration of moisture flows 
from the Gulf of Mexico to a large area in central 
and eastern Mexico (Figure 13a), consistent with 
synoptic configurations previously described in 
the literature (León-Cruz et al., 2021; Novo y 
Raga, 2013).

This configuration is similar to Cases 1 and 2 
but differs in that it shows a geopotential trough 
associated with an area of ground instability with a 
60 % probability of evolving to a tropical cyclone 
that complements the contribution of moisture 
flows from the Pacific Ocean. This coincides with 
León-Cruz et al. (2021), who mention that tropi-
cal cyclones and eastern waves may influence deep 
convection in the study region. On the other hand, 
the vertical velocity at 500 hPa and the divergence 
at 250 hPa (Figure 13b) show high values in the 
areas that recorded the hailstorm on the day and 
time of the present analysis. The coupling of these 
variables determines strong instability at medium 
and high levels of the atmosphere, causing storms 
and hailstorms in the places surveyed.

Characteristic Hailstorm Environments
Instability is a process by which a system (in this 
case, an air parcel) moves away from its equilib-
rium state and can be characterized by indices 
rather than numerical values: Instability indices 
(Banchero, 2017).

Table 3 summarizes the results of the instability 
indices for the three cases analyzed and calculated 
from the surveys. In this sense, the CAPE values 
range between 642 J/kg and 2166 J/kg. This sug-
gests that no substantially high CAPE records are 
required (for example, those used in mid-latitude 
areas) for an air plot to become unstable in the 
study area. According to some authors, the above 
patterns are classified as weak and moderate con-
vective potential, respectively (Banchero, 2017). 
The three cases yielded LI values of -3, -5, and -7, 
corresponding to a marginally unstable, moderately 
unstable, and very unstable atmosphere, respec-
tively (Banchero, 2017). The records obtained in 

Figure 12. GOES infrared satellite image (IR4) (Knapp y 
Wilkins, 2018) for 17 June 2016 at 00:00 UTC (19:00 local 
time for 16 June 2016). Source: Own elaboration.

Brightness temperature (C)

important to note that the areas with the greatest 
representation of deep convection coincide, similar 
to the previous cases, with the approximate places 
where hailstorms were recorded.

The proximity survey (supplementary material) 
yielded a CAPE of 1338 J/kg, CIN of -28 J/kg, LI of 
-5, RH of 71 % from ground level to 2 km and 57 
% from 2 km to 5 km. Concerning temperature, 
it was 19.8 °C at ground level and -6.3 °C at 500 
hPa, with the 0 °C isotherm observed at 2852 m 
and LCL and LFC levels of 865 m and 1445 m, 
respectively. Also, a strong shear of 11.3 m/s was 
observed at high levels (8 km), contributing to 
the equilibrium level at 11800 m. Similar to the 
previous cases, the instability indexes used showed 
the potential of convection for the study area. This 
survey yielded a SHIP value of 0.1; similar to Case 
2, this value does not reach the thresholds that 
determine a severe hailstorm, but it indicates the 
possibility of hailstorm formation.

The synoptic fields for RH, wind, and geopo-
tential at 850 hPa show a low geopotential channel 
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Figure 13. a) Relative humidity (%) with the wind vector field (km/h) and geopotential height represented by a black solid 
line and marked at 1-decameter intervals, all at 850 hPa. b) Vertical velocity (Pa/s) and wind vector field (km/h), both at 
500 hPa. Divergence at 250 hPa (10-5/s) marked with the blue solid line. Source: Own elaboration.

Relative humidity (%), wind (km/h) and geopotential (dam), in 850 hPa
Aug. 16 2016 19:00 h

Vertical velocity wind divergence
Jun.

a)        b)

Table 3. Variables and instability indices observed in the proximity surveys for the cases analyzed.

Indices and Variables Case 1 Case 2 Case 3
MUCAPE (J/kg) 642 2166 1338

LI -3 -7 -5
CIN (J/kg) -2 0 -28
LCL (m) 515 500 865

LFC (m) 565 550 1445
EL (m) 9650 11 630 11 805
HR500hPa(%) 68 66 57

HRSfc(%) 80 71 71

Temperature500hPa (°C) -6.0 -7.5 -6.3
Freezing level (0 °C isotherm) 2485 m 1890 m 2825 m

the present study could indicate moderate storm 
potential, with the probability of strong storms and 
possible tornadoes. Finally, the CIN with values 
above -75 J/kg indicates the potential for storm 
generation (Gensini and Ashley, 2021).

The instability indices indicate the potential of 
an air plot to rise; however, humidity is another 
necessary element. In this sense, the three events 
recorded a humid atmosphere at the ground level, 
with values between 71 % and 80 %, and at inter-

mediate levels (500 hPa), with values between 57 
% and 68 % (Table 3). This humidity is necessary 
for the development and formation of convective 
storms and, therefore, an increased probability of 
hail formation.

The closer the freezing level to the surface, the 
higher the probability of hail formation. This is 
because the temperature drops below zero closer 
to the ground, favoring rapid hail formation (Ban-
chero, 2017). In Case 1, the ground level is located 
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at 2427 m asl, and the 0 °C isotherm is at 4912 
m, that is, at 2485 meters above ground level. Fol-
lowing this example, for cases two and three, the 0 
°C isotherm was located at 1890 and 2825 meters 
above ground level, respectively. It is also observed 
that the temperature at 500 hPa in Case 2 is -7.5 
°C, indicating a colder environment (from ground 
to intermediate levels), contrasting with Case 1 and 
Case 3, where the recorded temperatures were -6.0 
°C and -6.3 °C, respectively.

Finally, the differences between the level of free 
convection (LFC) and the equilibrium level (added 
to the height above sea level at which the hailstorms 
were documented) vary across the cases analyzed: 
6708 meters for Case 1; 8516 meters for Case 2, 
and 8716 meters for Case 3. The difference between 
these levels is commonly used to estimate the verti-
cal development of convection. In this sense, the 
values obtained are within the ranges evidenced 
by satellite images. In the three study cases, deep 
convective storms developed above 6000 meters, 
coinciding with previous literature reports for high 
regions in the tropics (Díaz Esteban, 2020).

CONCLUSIONS

The Mexican Plateau is a complex orographic area 
where diverse types of severe weather occur every 
year. It also concentrates a large population exposed 
to convective hazards, including thunderstorms, 
heavy rainfall, and hailstorms. Hailstorms have 
been scarcely studied in Mexico; therefore, further 
research is needed to improve the knowledge of 
this phenomenon and its prognosis, detection, 
and relationship with other associated mesoscale 
systems. In this context, the present work focused 
on a statistical analysis of hailstorms in ME-PL. 
Based on data from five meteorological stations, 
we carried out an analysis of an annual hailstorm 
cycle. It was found that hailstorms, thunderstorms, 
and rain events increase during the wet season 
in the region for the five meteorological stations 
analyzed. Likewise, the most intense activity 
occurs between April and October, with peaks 
observed between May, June, July, and August in  
each station.

The Puebla, Hidalgo, and Tlaxcala stations 
showed a similar pattern in the analysis of the an-
nual hailstorm cycle, with the higher frequency of 
hailstorms related to the proximity to the Gulf of 
Mexico because moisture flows are predominant. 
Previous studies have documented that orographic 
forcing contributes to the higher frequency of 
hailstorms and that this forcing is observed in areas 
located at high altitudes. The study area harbors 
the highest altitudes in Mexico, especially in the 
Trans-Mexican Volcanic Belt - the area with the 
highest danger from hailstorms in the country. 
Therefore, orographic forcing probably contributes 
to increase hailstorm frequency.

On the other hand, we selected three significant 
hailstorm events and, along with ERA5 reanalysis 
data, composites of meteorological variables and 
proximity surveys were performed for each of them. 
In the synoptic scale, we identified a prevalent 
high-pressure system over the Caribbean at ground 
level, which maintained an anticyclonic circula-
tion that favored the advection of moisture from 
the Gulf of Mexico to the study region. In addi-
tion, a ground-level trough prevailed over central 
Mexico, which favored convergence and, coupled 
with the existing instability, contributed to the 
conditions for the formation of deep convection  
in ME-PL.

The analysis of proximity surveys showed that 
no high CAPE values (above 2500 J/kg) are required 
for the development of storms and hailstorms in 
the region. On the other hand, weak wind shear 
conditions were identified at low and intermediate 
levels (850 to 500 hPa). This is reinforced by the 
high-level subsidence caused by strong wind shear 
at 250 hPa and with the 0 ºC isotherm close to 
the ground level.

Future studies should focus on the analysis of 
hailstorms at the country level to determine spatio-
temporal patterns. In addition, additional case 
studies are required to determine the environmen-
tal conditions necessary for hail formation. This can 
be done through reanalysis data, as in the present 
study, or through numerical simulations, real-life 
radio surveys, or satellite and radar products. A 
greater knowledge about hailstorms in Mexico is 
vital for weather forecasters and decision-makers, 
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and remains a challenge for operational meteorol-
ogy in Mexico.
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