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Tropical cyclones impact continental and island lands annually, so attention to the
adverse effects of associated winds and rains is focused on damage to human settlements,
growing areas, infrastructure, loss of human life, and ecosystems. Defining the concept
of extreme events is complex since it depends on the focus with which it is approached.
The study aimed to provide a long-term and large-scale Serie (168 years) concerning
cyclonic activity and characterization of extreme cyclones in the North Atlantic Basin,
considering as a reference the World Meteorological definition Organization. The trend
of extreme events in the 1851-2019 period was calculated from the records of the
International Best Track Archive for Climate Stewardship and the statistical method
"Exceeding a relative threshold,” from the variables: "maximum speed of sustained
winds" and "minimum atmospheric pressure.” The thresholds considered were a) 10 and
90; b) 1 and 99; and c) extraordinary maximum threshold of 0.1 and 99.9 (percentiles).
The cyclone trajectories were classified based on a) did not landfall; b) They impacted
continental and insular lands; c¢) They impacted Mexico; and d) They impacted the
Yucatan Peninsula. The results showed that of the total of 2,220 events registered, 59%
(n=1,302) touched land. Considering the laxest thresholds (10 and 90 percentiles), the
number of extreme events identified for the North Atlantic was 5.95% (n=132), while for
the Yucatan Peninsula, it was 0.72% (n=16). The findings do not show a significant trend
of increasing cyclone numbers. As for intensity (magnitude), a slight increase in
hurricanes in categories H4 and H5 on the Saffir-Simpson scale has been observed in the
last two decades.
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1. INTRODUCTION

Tropical cyclones (TCs) impact continental and island lands
annually, the National Hurricane Center (NHC) defines them
as: "a closed atmospheric circulation that rotates
counterclockwise in the northern hemisphere and clockwise in
the southern hemisphere" [1], represented by an organized
system of clouds and electrical storms originating in tropical
or subtropical waters with a closed low-level circulation [2],
which can be characterized on the measurement and
estimation of their physical and temporal properties, such as
intensity (magnitude), measured as a function of the maximum
speed of sustained winds (Max. Win.) and minimum
atmospheric pressure (Min. Pres.), trajectory (location),
precipitation, duration, travel speed, among others [3]. The
measurement of the intensity and destruction capacity of
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tropical cyclones is estimated based on a scale developed by
the wind engineer Herb Saffir and the meteorologist Bob
Simpson, which is called the "Saffir-Simpson scale (SS)" [4].

To compensate for the catastrophic perception of the effect
of cyclones, Vink and Ahsan [5] carried out a study where they
identified through the literature records those benefits that
these events provide; their results reported the finding of 14
types of direct benefits and two indirect, classified based on
the categories of provisioning, regulation, support, and
cultural aspects, proposed for ecosystem services of the United
Nations Environment Program (UNEP) [6].

According to Appendini et al. [7], TCs are events that can
cause the economy, the population's physical integrity, and
severe environmental damages. The effects of climate change
will be reflected in the increase in the number and intensity of
such events, which increase exposure to higher intensity winds
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and rainfall will have repercussions on the vulnerability of
social and environmental systems [8].

The design and implementation of mitigation and
adaptation measures require identifying and characterizing
changes in extreme events' dynamics.

The main objectives of this study were to provide a long-
term scenario of cyclonic activity in the North Atlantic Basin
(NAB) and the characterization of extreme cyclones,
according to the World Meteorological Organization (WMO)
[9], who states that the events considered "rare" are those that
exceed the 90th and 95th percentiles. In contrast, those
considered "very rare" would exceed the rank of 99 or higher.
Therefore, an added reference criterion (extreme threshold) of
the order of 0.1 and 99.9 percentiles were included; with this,
we sought to identify events that can be considered
"extraordinarily rare."

To answer the questions and objectives raised, we used the
records of cyclones that occurred in the last 168 years from the
database of the International Best Track Archive for Climate
Stewardship (IBTrACS) [10], considering the "maximum
speed sustained winds" and "minimum atmospheric pressure."
The description of the information's characteristics and the
source data's uncertainty degrees are addressed in the "data"
section.

In the characterization of extreme events, the statistical
model "exceeding a relative threshold" was applied, taking as
reference three sets of thresholds based on the percentiles
proposed by the Intergovernmental Panel on Climate Change
(IPCC) [11, 12] and Camuffo, della Valle, & Becherini [13].

Results are presented from general to particular cases,
beginning with the events' characterization at the NAB scale
and ending with identifying the extreme events that have
impacted the Yucatan Peninsula (YP). For this, four phases

were defined and executed, described in the "methods" section.

The study allowed us to identify the trend of the formation
(quantity) and intensity (magnitude) of the tropical cyclones in
the extreme category, 260 for the NAB, of which 30 crossed
the YP. The identification of four hurricanes characterized as
"extremely rare" stands out, of which Gilbert (1988) and
Wilma (2005) landfall the YP.

The research will allow having a frame of reference
regarding the classification of tropical cyclones extreme
events under the definition proposed by the WMO, which will
serve as a reference to correlate the effects caused by TCs
based on the probability of the increase in the according to the
CC scenarios.

2. BACKGROUND

The characterization of extreme events involves a
conceptualization problem; Stephenson [14] mentions that
there is no consensus as to what is meant by "extreme," so the
lack of a single definition has given rise to various statements,
which depend on the context and the attributes considered,
such as frequency, intensity, duration, spatial scale, effects on
environmental components and human infrastructure, among
others. Also, the words "severe," "rare," "high impact," and
"extreme" are often used interchangeably and synonymously,
making it even more confusing and complicated to reach an
agreement to define what is an "extreme event." The author
proposes a classification that allows ranking extreme
meteorological and climatic phenomena, differentiating and
integrating the "rare," "severe," "extreme" and "high-impact”
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concepts, where cyclones being in the extreme category, those
whose occurrence is "rare," with "severe" and "acute" effects,
where "rare" is defined as that event with a low probability of
happening.

In the scientific literature consulted, no single method was
found to characterize extreme events; on the contrary,
definitions such as those proposed from meteorology and
climatology vs. ecological and social approaches tend to be
opposite. In the first case, the WMO [7] proposes as a general
principle that the definition of extreme events must consider
the physical and spatio-temporal characteristics of the
phenomenon studied (the threat or danger), independent of the
impact that could cause, while in the second case states that
they must be defined upon the impact and the effects caused
(vulnerability) on the natural and social environment [13-16].

Due to the complexity in defining extreme events, the
WMO [17] presented a compilation of the findings in the
scientific literature on the perspectives used for its
characterization, distinguishing eight classes: a) basic
descriptive variables; b) derived variables; c) threshold
categorization; d) human perspective of extremes; e)
hydrological/agriculture; f) derived indices;, g) basic
hydrological/climatological  indices, and h) expert
interpretation/classification of drought. The "h" type category,
in turn, is divided into three subcategories: 1) extremes of
atmospheric weather and climate variables, 2) large-scale
phenomena accounting for extremes, and 3) collateral effects
of extremes on the physical environment. The most widely
used classifications in the climate science field are single,
variable, and compound (multivariable) ends.

The definition of the IPCC [11, 12] falls within class "h,"
category "1", which defines them as those that present values
of a climatic or weather variable above or below a relative
threshold value to the upper or lower extremes of the range of
observed values of the considered variable, being in the 10th
or 90th percentile of the probability density function. Camuffo
et al. [13] point out that the percentiles should be on the order
of 1 and 99, given that the proposed by the IPCC is unrealistic.

Stephenson [16] and Camuffo et al. [13] identified among
the main statistical models to characterize extreme climatic
events the following: a) Peak over a threshold [11]; b) Extreme
value theory [18, 19]; c) Exceeding a relative threshold [12];
d) exceeds a threshold and a return period [17]; and e)
Effectiveness: events that trigger a disaster or emergency [12]
or capable of causing injury and loss of life, etc. [17].

Statistically, the occurrence of extreme events is rare in
terms of frequency, magnitude, or duration in a particular
ecosystem, so recognizing them will be a function of the length
and quality of the observation records and cannot be described
from a single quantity, so it is advisable to include variables
that allow identifying the effects and damages caused by
phenomena that landfall [13, 14].

The characterization of hurricanes as extreme events is of
interest when considering the climate change scenarios, which
foresee an increase in their quantity and intensity [20]; an
increase that will not occur suddenly but gradually, so that the
detection of changes will be possible through the analysis of
long time series.

From another perspective, several authors have sought to
identify patterns that allow understanding and comprehend the
dynamics related to the occurrence of tropical cyclones
through the correlation of various variables such as ocean
surface temperature, sunspot activity, Southern Oscillation
(ENSO), and the multidecadal oscillation of the Atlantic



Ocean (AMO). Examples are the works published by Holland
& Bruyere [21]; Doval & Rodriguez [22]; Vecchi & Knutson
[23] and Klotzbach [24].

In Mexico's case, numerous studies have addressed the
analysis of cyclones in the YP, among which those of Palacio-
Aponte [25] and Thl & Frausto [26] stand out. They estimate
the areas of greatest danger and probability of impact,
highlighting the north and northeast coastal areas of the
Peninsula as "extreme danger" areas, followed by the south of
Quintana Roo. Furthermore, others like Frausto et al. [27]
based on the design and implementation of indicators to
monitor and control the resilience capacities of areas
susceptible to cyclones' impact.

However, those studies do not address the concept of
extreme events considering the definitions of the WMO and
the IPCC. The same situation occurs with the National
Oceanic and Atmospheric Administration NOAA), IBTrACS,
and the National Water Commission (CONAGUA, due to its
Spanish acronym) databases, which get limited to presenting
information about socio-economic impacts and loss of human
life according to the SS Scale.

Given the above, the following questions were asked: a) has
there been an increase in the number and intensity of cyclones
formed in the North Atlantic Basin between the 1851-2019
period? b) which cyclones formed in the North Atlantic Basin
does it meet the definitions of extreme events proposed by the

WMO and the IPCC? and c¢) which cyclones categorized as
extreme has landfall the Yucatan Peninsula?

3. MATERIALS AND METHODS
3.1 Study area

The study area corresponds to the North Atlantic Basin. It
includes the regions of Canada and the USA's eastern coasts
to the northwest and the sub-basins of the Gulf of Mexico and
the Caribbean Sea to the east and southeast (Figure 1).
According to data from the Flanders Marine Institute [28], the
basin covers an approximate surface of 59.5 million km2,
where 3 million correspond to the Caribbean Sea and 1.9 to the
Gulf of Mexico. Along its perimeter, many countries and
coastal populations are susceptible to suffering the direct
impacts of cyclones in the extreme category. The Caribbean
Sea region alone includes 28 islands recognized as countries,
with a population of the order of 43 million inhabitants
estimated by 2020 [29].

The results presented by Knapp et al. [31] place the North
Atlantic Basin in third place in terms of the number of
cyclones reported between the years 1940 and 2010,
occupying first and second place the Western and Eastern
Pacific Basins, respectively.
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Figure 1. North Atlantic Basin. Source: elaborated with data from Amante & Eakins [30], Flanders Marine Institute [28]
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The main development zone for cyclonic events is located
between the coordinates: 109N - 20©N and 209W - 60°W,
between Cape Verde's islands and the Caribbean's Lesser
Antilles [32].

3.2 Data

Information on the physical characteristics and trajectory of
tropical cyclones in the NAB was obtained from the IBTrACS
[10] repertoire; best track data are free to access, updated daily
in a time interval of 3-hour and contain provisional tracks of
recent storms; the data is available in 3 formats (netCDF, CSV,
shapefiles). We use the release "v04r00" on 09-09-2019. The
files are presented in alphanumeric and vector format, which
contains 119,626 individual records that make up 2,220
meteors reported between June 23, 1851, and September 05,
2019.

The data results from the post-cyclone season analysis when
all the information available for each event is processed. So,
the historical record is not homogeneous in its construction
[33]; additionally, the origin of the records from various
historical sources made from different techniques and ranges
of precision present different spatial-temporal variations of
origin depending on the agencies and sources consulted [31].

In the case of wind speed, the degree of uncertainty

DATA ACQUISITION AND PREPRDCESSING

measured in knots decreases temporarily, reaching the
following maximum levels: years before 1965 of +30, 1965 -
1978 of +20; 1978 - 1984 of £ 15; 1984-2000 of +10; and
from 2000 to date, it drops to =7 knots. The atmospheric
pressure oscillates in the order of 1 mb, and the position is
reported at a resolution of approximately 0.1< which results in
an uncertainty of approximately 10 km [3].

Regarding atmospheric pressure, the primary source of
records begins from the end of the Second World War with
manned aircraft equipped with sensors for their measurement
and later with the incorporation of satellites in the 1960s.
Therefore, the absence of data for more than 50% of the NAB's
cyclones stands out. Additionally, spatial variations can also
occur because of the intensity of cyclonic phenomena [34].

To identify the cyclones that made landfall, we used the
global vector files of the coasts of the: "A Global Self-
consistent,  Hierarchical,  High-resolution  Geography
Database" [35, 36] and the polygons that delimit the NAB and
the sub-basins of the Gulf of Mexico and the Caribbean Sea of
the Flanders Marine Institute [28].

3.3 Methods

The processes to reach the aims of the study were grouped
into four phases (Figure 2):
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Phase 1: Data acquisition and pre-processing. The vector
layers were re-projected to UTM-GCS_WGS_1984, the units
of the alphanumeric files were converted to the decimal metric
system. Subsequently, two base files were created: the
trajectory vector layer and alphanumeric database with each
cyclone's records.

Given that the precision of the information is a function of
each cyclone's particular characteristics and that it is not
reported individually, for the analysis of the distribution and
trend of cyclonic events, the data reported by the IBTrACS
were considered as average values and preadjusted from the
origin. Nevertheless, during the analysis of results, uncertainty
was always considered, particularly for those events before the
'80s of the 20th century.

Phase 2: Data processing. A correlation database was
designed in the MS-Access program, and various queries were
generated through the SQL language to classify and analyze
meteors, such as the number of events per year, per month, per
category, among others. The impact zones were identified by
geoprocessing the vector layers in the ArcGis 10.3 program,
classifying them into four classes: a) they did not landfall; b)
impacted continental and insular lands; c) impacted Mexican
lands, and d) impacted the Yucatan Peninsula. The results
were integrated into the database to generate queries by type
of impact zone.

Phase 3: Models' choice, variables, and reference
parameters. To identify the trend patterns of the analyzed
events were applied, statistical models of change rates, linear
regression (least squares), and calculation of Pearson and
Spearman's linear  correlation coefficients. In  the
characterization of extreme cyclonic activity, the models
"probability density function” and "Exceeding a relative
threshold” was selected, considering the variables "wind
speed” and "atmospheric pressure,” which were analyzed
taking the percentiles as reference parameters 10-90; 1-99 and
0.1-99.9.

Cyclones by category by decades

Phase 4: Statistical analysis. a) identifying trends of change
in cyclones' number and intensity through queries in the
correlated database for spatio-temporal classification, by
decades, categories (intensity), and impact zones. The data
was exported to the MiniTab 17 statistical program to calculate
the basic descriptive statistics by analysis variable, the
probability density function, the rates of change based on the
trend line equation, and the regression and linear correlation
models, which that allowed estimating the annual distribution
of the number of cyclones vs. intensity and speed of the wind
vs.  atmospheric  pressure; b) identification and
characterization of extreme hurricanes from the "Exceeding a
relative threshold” model at two levels: i) independent
variables (wind speed and atmospheric pressure), and ii)
compound variables (wind speed vs. atmospheric pressure),
contrasting the sets of "reference thresholds" vs. "analysis
variables"; and c) queries in the correlated database to identify
extreme hurricanes over YP.

The study presents the results as follows: a) characterization
of cyclonic phenomena at the NAB level by impact zones; b)
characterization of extreme cyclones based on the selected
analysis criteria and variables; and c¢) extreme hurricanes on
the YP.

4. RESULTS
4.1 Characterization of the seasons 1851 to 2019

4.1.1 Analysis of trends in the number and intensity of tropical
cyclones

IBTrACS records report a total of 2,220 storms for NAB, of
which 2,193 (99%) reached the SS scale. To identify trends in
cyclones' number and intensity, they were grouped into three
categories: 1) depressions and tropical storms; ii) hurricanes
HI to H3; and iii) hurricanes H4 and HS (Figure 3).

Percentage of cyclones by category by decades
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of hurricanes categories 4 and 5; and dotted black line, total cyclones. b) equivalent to -a) - but standing for the percentage concerning the cyclone's total per decade.
Where: TD = Tropical Depression; TS = Tropical Storm; and H = Hurricane categories 1 to 5. Source: Adapted from Webster [37], updated with data from IBTrACS
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Figure 3a shows the sum of meteors by category per decade,
where the "20s of the 20th century stand out with the lowest
number (61 cyclones) and the first in which a category H5
cyclone is recorded, in addition to being the only one with
more hurricanes H1 to H3 recorded than depressions and
tropical storms, a fact that may be due to the loss of records at
sea during and after World War I [38]. In contrast, the 1970s
reported the most with 200 cyclones.

The percentages to identify the behavior of the intensity of
cyclones were calculated by groups of categories concerning
the total by decade; in Figure 3b, it can be seen that between
1930 and 1970, there was a rebound of hurricanes H4 and H5,
but it is in the past three decades when there is the most
significant tendency to increase in proportion to the total
number of meteors formed per decade. 2005 was characterized
by presenting the most considerable amount with four
hurricanes in H5 category (Emily, Katrina, Rita, and Wilma),
and maintaining itself as the year with the most intense
cyclonic formation recorded in the history of the North
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Figure 4. Annual distribution and linear trend analysis in the North Atlantic: a) total (number) and SS category (intensity) of

cyclones; b) minimum atmospheric pressure and maximum speed of sustained winds
where: Spearman's rho linear correlation coefficient has a value of R?=-0.95, which corroborates the proportional inverse relationship between both variables
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Atlantic, represented by Hurricane Wilma.

The calculation of the trend line for the variables number of
cyclones and category reveals that the values given their
variability do not present a significant adjustment, returning
R2 values of the order of 0.029 and 0.199, respectively (Figure
4a). The rates of change based on the trend lines' equations
show in the number of cyclones an increase of less than 2%
and the intensity (SS category) of only 1%.

Considering that the Saffir-Simpson scale represents ranges
and not absolute speeds, to identify the behavior of cyclone
intensity, the linear trend of the variables "atmospheric
pressure™" and "wind speed" was calculated, obtaining values
of R? of the order of 0.17 and 0.2, respectively, indicating a
low adjustment with the trend line (Figure 4b). Calculating the
change rates based on the trend line equation showed an
average decrease of -19% for atmospheric pressure and an
increase of close to 38% for wind speed.

Linear regression showed an inversely proportional
significant relationship with an R? value of 89.5, consistent



with the results of the calculation of Pearson and Spearman
rho linear correlation coefficients (values of -0.95); which
corroborates that at lower pressure, higher wind intensity, a
behavior known and widely described in the meteorological
literature [39-42].

4.1.2 Spatial distribution of tropical cyclones

Of the registered tropical systems, 59% touched continental
or insular lands; of this, 21% impacted Mexico, and 13% the
Yucatan Peninsula; the spatial distribution is presented in
Figure 5.
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Figure 5. Tropical cyclones track classified by impact zone. a) Did not landfall; b) Continental and insular landfall; ¢) Mexico

landfall; and d) Yucatan Peninsula landfall
where: Continental and insular landfall include Mexico, and Mexico landfall includes the Yucatan Peninsula

4.2 Characterization of tropical cyclones as extreme events
in the period 1851 to 2019

Wind speed data are available for 84% of cases and
atmospheric pressure around 50% (Table 1). Regarding
extreme values, the maximum reported wind speed is 305
km/h for hurricane Allen (1980, HS)), and the minimum
pressure is 882 mb for hurricane Wilma (2005, HS).

4.2.1 Characterization of extreme cyclones

To identify the values that exceeded the selected relative
thresholds, we applied the "Exceeding a relative threshold"
model for each of the reference variables independently. The
box diagrams (Figure 6) show that of the total, five cyclones
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reported values higher than 296 km/h and ten underneath than
908 mb, being considered as outliers given that they exceed
the respective interquartile range by more than 1.5 times.

The values that exceed the established thresholds and are
considered "rare" were obtained using the probability density
function. Figure 7 shows the ranges for maximum winds and
minimum pressure for each set of thresholds (percentiles)
selected.

The number of extreme events to each variable analyzed
independently and based on the thresholds proposed by the
IPCC[11, 12] is 257 (11.58%) for wind speed and 132 (5.95%)
for atmospheric pressure. The total extreme hurricanes
identified for each of the three selected thresholds by their
trajectories are shown in Figures 8 and 9.



Table 1. Basic descriptive statistics for each variable
where: N = records with data and N * = records without data

Variable N N* Percent Mean StDev Min.
Max Wind [km/h] 1,859.00 361.00 8374 125.96 54.32 46.30
MinPres[mb]  1,090.00 1,130.00 49.10 97851 24.46 882.00

Variable Max. Q1 Q3 Mode Skewness Kurtosis
Max Wind [km/h] 30558 8334 166.68 92.60 0.61 -0.20
MinPres[mb] 1,016.00 963.00 999.00 1,000.00 -0.91 0.27
€ g
¢ g
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Individual standard deviations were used to calculate the intervals.

Figure 6. Statistical summary (histogram and box plot): a) Maximum speed of sustained winds [km/h]; b) Minimum atmospheric
pressure [mb]
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Figure 7. Probability function: a) maximum speed of sustained winds [km/h]; b) minimum atmospheric pressure [mb]
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N.2 Key  Description | :992?22) (:992?2?1) (:497?4?1) (:897?899) Subtotal ~ Total | :41;2':)} (:415?2?1) (9:;.:1) Subtotal P
1 Total North Atlantic 1,963 211 41 5 257 2,220 2,088 114 13 5 132 1,956
11 NLf Don't landfall 863 54 1 - 55 918 901 17 - - 17 884
1.2 Lf Landfall 821 157 40 5 202 1,023 908 97 13 5 115 793
1.2.1 MxLf Mexico landfall 73 29 10 3 42 115 89 19 4 3 26 63
1.2.2 YPLf Yucatan p. landfall 135 20 7 2 29 164 148 10 4 2 16 132

Donde: z [%] I [%]
P = Percentil. Exceed thresholds: 257 11.6 132 5.9
() = Reference units. Don't exceed thresholds: 1,963 88.4 2,088 94.1
Total cyclones: 2,220 100.0 2,220 1.0

Figure 8. Extreme cyclones in the North Atlantic Basin by thresholds by analysis variable
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4.2.2 Multivariate analysis between "maximum speed of
sustained winds" and "minimum atmospheric pressure."
When comparing the thresholds' results for the selected

variables, the resulting number of combinations was 10, with
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b 211 41 5 Total cyclones: 2,220 100.0%

Figure 10. Extreme cyclones by combination of reference thresholds
where: P = Percentile; () = Reference units; y [] = Min. and Max. Saffir-Simpson category
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a total of 260 cyclones that exceed the reference indices. The
summary by combination and categories (SS) minimum and
maximum achieved is shown in Figure 10.
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Figure 11. Comparison of linear regression and box plots for variables "maximum sustained wind speed" vs. "low atmospheric
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where: Linear regression equation is: "Min. Pres = 1036 - 0.4125 Max. Winds ", with an R? of the order of -0895, corroborate the relationship between the two

variables inversely proportional

The values considered outliers decrease in quantity as the
thresholds tend towards the extremes (85, 11, and 4 cyclones,
respectively). Observing Figure 11, the presence of 4
hurricanes: Not named (1935; H5), Allen (1980, H5); Gilbert
(1988, H5); and Wilma (2005, H5)) categorized as "extremely
rare” when exceeding the extraordinary reference indices of
0.1 and 99.9, with temporal equidistance between them of 45,
8 and 17 years respectively, which does not show a defined

characteristics.

4.2.3 Extreme cyclones in the North Atlantic Basin

Discarding the reference thresholds suggested by the IPCC
[11, 12], 47 cyclones that meet the category of extreme events,
where hurricane Jose (2017, H4) was the only one that did not

reach continental or insular lands (Table 2).

The paths by combinations of thresholds (percentiles) are

pattern regarding the occurrence of events of such shown in Figure 12.
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Figure 12. Cyclones tracks in North Atlantic Basin between 1851-2019, categorized as extreme events for exceeding the
thresholds selected for both variables
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Table 2. Cyclones by the combination of percentiles [%] by variable. where: MxLf = Mexico landfall; YPLf = Yucatan Peninsula
landfall; and NLf = No landfall

Season Name S.S. Scale Max. Wind [km/h] Pwind [%] Min. Pres [mb] Ppres [%] Impact zone
1935 Not named 5 296.32 99.9 892 0.1
1980 Allen 5 305.58 99.9 899 0.1 MxLf
1988 Gilbert 5 296.32 99.9 888 0.1 YPLf
2005 Wilma 5 296.32 99.9 882 0.1 YPLf
2019 Dorian 5 296.32 99.9 910 1.0
2005 Rita 5 287.06 99.0 895 0.1
1924  Not named 5 268.54 99.0 910 1.0
1932  Not named 5 277.8 99.0 918 1.0
1955 Janet 5 277.8 99.0 914 1.0 YPLf
1969 Camille 5 277.8 99.0 900 1.0
1998 Mitch 5 287.06 99.0 905 1.0 YPLf
2003 Isabel 5 268.54 99.0 915 1.0
2004 Ivan 5 268.54 99.0 910 1.0
2005 Katrina 5 277.8 99.0 902 1.0
2007 Dean 5 277.8 99.0 905 1.0 YPLf
2017 Irma 5 287.06 99.0 914 1.0
2017 Maria 5 277.8 99.0 908 1.0
1928 Not named 5 259.28 99.0 929 >P
1929 Not named 4 250.02 99.0 924 >P
1930 Not named 4 250.02 99.0 933 > P
1933 Not named 5 259.28 99.0 940 >P MxLf
1933 Not named 5 259.28 99.0 929 >P YPLf
1938 Not named 5 259.28 99.0 940 >P
1953 Carol 5 259.28 99.0 929 >P
1961 Carla 5 277.8 99.0 931 >P
1961 Hattie 5 259.28 99.0 920 >P
1965 Betsy 4 250.02 99.0 941 >P
1967 Beulah 5 259.28 99.0 923 >P YPLf
1971 Edith 5 259.28 99.0 943 >P YPLf
1977 Anita 5 277.8 99.0 926 >P MxLf
1979 David 5 277.8 99.0 924 >P
1992 Andrew 5 277.8 99.0 922 >P
1998 Georges 4 250.02 99.0 937 > P
1999 Floyd 4 250.02 99.0 921 >P
1999 Lenny 4 250.02 99.0 933 > P
2005 Emily 5 259.28 99.0 929 >P YPLf
2007 Felix 5 277.8 99.0 929 >P MxLf
2008 Gustav 4 250.02 99.0 941 >P
2010 Igor 4 250.02 99.0 924 >P
2015 Joaquin 4 250.02 99.0 931 > P
2016  Matthew 5 268.54 99.0 934 >P
2017 Jose 4 250.02 99.0 938 >P NLf
2018 Michael 5 259.28 99.0 919 >P
1932  Not named 5 259.28 99.0 >P
1964 Cleo 4 250.02 99.0 950 > P
1989 Hugo 5 259.28 99.0 918 >P
1995 Opal 4 240.76 <P 916 1.0 YPLf

4.2.4 Cyclones categorized as extremes in the Yucatan
Peninsula

According to the IPCC [11, 12] criteria, 30 extreme
cyclones have impacted the Yucatan Peninsula (Table 3), 9 of
which reached category H5. hurricanes Gilbert (1988) and
Wilma (2005) are listed as "extremely rare," and hurricanes
Janet (1955), Mitch (1998), and Dean (2007) in the "very rare"
category by exceeding the 1.0 and 99.0 percentiles as well as
Emily (2005) and Dean (2007) who exceeded the 99.0
percentile for wind speed. By discarding the IPCC thresholds,
the number of cyclones categorized as extreme events is
reduced to 10.

80% (n = 24) of the hurricanes impacting as extreme event
category crossed the Peninsula transversely and uniformly in
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a southeast-northwest direction. 10% (n = 3) arrived from the
north in a southwest direction: Not named (1888, H3); Isidore
(2002, H3); and Mitch (1988, H5).

Cyclones as: Not named (1906, H3), Opal (1995, H4),
Wilma (2005, H5), and Isidore (2002, H3) presented erratic
trajectories, particularly Isidore, which enter the Peninsula
along the north coast of the state of Yucatan with a southern
direction, where little before reaching the state of Campeche,
he made a 3609900p to move to the northwest until he left the
Gulf of Mexico.

Extreme events are mainly concentrated in the north and
south, while the Peninsula center reported the minor cyclonic
activity (Figure 13).



Table 3. Cyclones by the combination of percentiles [%] by variable that landfall the YP

Season Name S.S. Scale Max. Wind [km/h] Pwind [%] Min. Pres [mb] Ppres [%0]
1988 Gilbert 5 296.32 99.9 888 0.1
2005 Wilma 5 296.32 99.9 882 0.1
1955 Janet 5 277.8 99.0 914 1.0
1998 Mitch 5 287.06 99.0 905 1.0
2007 Dean 5 277.8 99.0 905 1.0
1933  Not named 5 259.28 99.0 929 10.0
1967 Beulah 5 259.28 99.0 923 10.0
1971 Edith 5 259.28 99.0 943 10.0
2005 Emily 5 259.28 99.0 929 10.0
1995 Opal 4 240.76 90.0 916 1.0
1880 Not named 4 240.76 90.0 931 10.0
1974 Carmen 4 240.76 90.0 928 10.0
2000 Keith 4 222.24 90.0 939 10.0
2002 Isidore 3 203.72 90.0 934 10.0
2017 Harvey 4 212.98 90.0 937 10.0
1855  Not named 3 203.72 90.0 >P
1888  Not named 3 203.72 90.0 >P
1893  Not named 4 212.98 90.0 948 >P
1903  Not named 3 194.46 90.0 958 >P
1906  Not named 3 194.46 90.0 953 > P
1909  Not named 3 194.46 90.0 >P
1931  Not named 4 212.98 90.0 >P
1938  Not named 3 194.46 90.0 979 > P
1944  Not named 3 194.46 90.0 973 >P
1951 Charlie 4 212.98 90.0 968 >P
1955 Hilda 3 194.46 90.0 952 >P
1970 Ella 3 203.72 90.0 967 >P
1975 Eloise 3 203.72 90.0 955 > P
2010 Karl 3 203.72 90.0 956 > P
1988 Keith 0 120.38 <P 945 10.0
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Figure 13. Cyclones touched the Yucatan Peninsula between 1851-2019, categorized as extreme events for exceeding the
thresholds selected for: a) both variables, and b) in a single variable

5. DISCUSSION

The analysis results do not show a significant increase in the
number of cyclones because there are highlights a significant
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variability between seasons, which coincides with Walsh [43],
who mentions that there has been little consensus regarding
the increase in meteors. However, authors like Walsh et al. [44]
agree that due to global warming, climate change scenarios



foresee an increase in cyclonic activity, which will be evident
towards the 1950s of the present centuries.

In the case of intensity (magnitude), results show rates
increase of change of approximately 37% in terms of the
"maximum speed of sustained winds" and 19% for the
"minimum atmospheric pressure. Although the results cannot
be considered definitive or conclusive due to variability of the
data's uncertainty, particularly before 1965, our estimates are
consistent with the forecasts of the current scenarios [12, 44-
47]. An example is an increase in cyclone intensity in
hurricane categories H4 and HS reported by Elsner et al. [48],
Emanuel [49], and Webster [37], who studied periods ranging
from 25, 30, and 35 years, respectively. Notwithstanding the
differences in the time series' size, our findings are consistent
with such studies' results.

In contrast, Klotzbach [24] and Kossin et al. [50] found no
evidence of a trend of increasing magnitude of meteors, which
can be attributed to the limited periods analyzed (20 years).
According to Décamps [14] the detection of changes or trends
will be a function of the temporality of the analyzed data and,
as suggested by the WMO [9] periods of at least 30 years are
required to study the behavior of the atmosphere.

Nevertheless, according to the general circulation models
(GCMs) conducted by Appendini et al. [7], there is a clear
trend tendency for higher intensity events to become more
frequent due to a warming climate.

According to the definition of the IPCC [11, 12], 260
cyclones can be characterized as extreme events. However,
when individually analyzing each one's characteristics, it was
found that 39.62% barely reached the category at some point
in their trajectory. Maximum H3, even more, within this range,
are included the subtropical cyclone Charlie (1972) that did
not reach the SS scale and tropical storm Keith (1988), which
agrees with Camuffo et al. [13] who suggest that extreme
events must be at least in the order of the Ist and 99th
percentiles or higher.

When analyzing the events that exceed the reference
thresholds 1.0 and 99.0 (percentiles), all reached top categories
of hurricane H4 and HS, causing the most significant damages
and economic losses in the region according to the studies
published by Alarcon [51]; Bonilla-Moheno [52];
CENAPRED [53]; and Frausto et al. [54], among others.

Most studies related to the intensity and occurrence of TCs
consider as a parameter only the SS scale, which, being
conceived as a categorical scale, does not allow direct
comparisons between the values of the variables wind speed
and atmospheric pressure, with the damages and affectations
in the social and environmental systems.

The main difference between the studies found in the
literature with the present one is that the analysis and
classification of extreme events are carried out in terms of
intensity on the SS scale and the effects caused by these
phenomena, such is the case of the works published by
Palacio-Aponte [55] where he evaluates the effects of the
impact of hurricanes taking as a geo-indicator the post-
hurricane coastal morphology and the study of Emanuel [49]
who determines a potential destructiveness index of hurricanes
to through correlation with sea surface temperature.

Other cases are the studies carried out by Rey et al. [56] and
Ruiz-Salcines et al. [57], where the effects of TCs were
modeled as a direct function of the variables representing each
phenomenon.

It is important to note that the evaluation and
characterization of the damages caused by cyclonic events
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must consider both the increase in the population in the areas
susceptible to being impacted, as well as the quality and type
of infrastructure (vulnerability) so that the comparison
between the Affectations in different spatio-temporal stages
can be subjective.

6. CONCLUSIONS

The methodology used allowed identifying and categorizing
extreme cyclones based on small-scale analysis (North
Atlantic Basin) and long-time series. However, in the case of
studies at larger scales focused on identifying and estimating
the effects and damages from a socio-ecological context, we
consider that reclassification should be carried out based on
the maximum and minimum values of the variables "wind
speed," "pressure atmospheric" and "precipitation” during its
proximity and passage through the land.

It is recommended to study and analyze the reports
generated by various instances on the characteristics and
effects of each cyclone, such as, among others: a) the
IBTrACS [58] online search engine that provides detailed
information on each meteor; b) the "summaries of tropical
cyclones" issued by CONAGUA [59]; c) case studies on the
effects of cyclones related to the number of deaths, economic
damages, damage to infrastructure and ecosystems, such as the
works published by CENAPRED [60]; Rodr fuez-Esteves et
al. [61] and Tun et al. [62]; among others.

Given the probabilities of the occurrence of multiple
extreme events simultaneously, as was Hurricane Cristobal in
southern PY in June 2020, during the pandemic caused by
COVID-19 [63]. The emergency preparedness and response
processes will become increasingly complicated, resulting in
increased risk to the population and the environment [7].
Identifying and characterizing extreme events will provide
valuable information for the preparation of studies that provide
elements to decision-makers within the framework of
strengthening public policies.

The characterization of extreme events is useful to
strengthen the knowledge of the resilience and vulnerability of
infrastructure, means of production, and the environment.

The findings obtained in this study can provide helpful
information for the delimitation of priority areas for the
assessment of the vulnerability of urban areas and protected
natural areas, since of the four hurricanes considered as
"extremely rare," two of them (50%) impacted the Yucatan
Peninsula: Gilbert (1988, H5) and Wilma (2005, H5).

Given the results, we consider that the methodology applied
in this study could be adapted to catalog different disturbing
events such as the case of forest fires, drought, floods, among
others. It could be useful to release comparisons and analysis
between events based on their probabilities of occurrence,
intensity, spatio-temporal dimensions and estimate socio-
ecological systems' resilience capacities in specific areas.
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