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Abstract

The COVID-19 pandemic, caused by the novel
coronavirus  (SARS-CoV-2), has strongly
impacted global public health and healthcare
systems. In this context, mathematical modeling
is essential for understanding extreme events
related to the disease, thereby contributing to the
prevention and mitigation of its most severe
impacts. This study applied Extreme Value
Theory (EVT) to the analysis of new COVID-19
cases and deaths in Brazil, estimating the
probability of future extreme events and their
expected maximum values over monthly and
biweekly intervals. Official daily data from Our
World in Data, affiliated with the University of
Oxford, were used, covering the period from
2020 to 2022. Among the methods evaluated, the

Resumo

A pandemia de COVID-19, causada pelo novo
coronavirus (SARS-CoV-2), teve um grande
impacto na saude publica global e nos sistemas
de salde. Nesse contexto, a modelagem
matematica é essencial para compreender
eventos extremos relacionados a doenca,
contribuindo, assim, para a prevencdo e a
mitigacdo de seus impactos mais severos. Este
estudo aplicou a Teoria dos Valores Extremos
(TVE) a andlise de novos casos e de dbitos por
COVID-19 no Brasil, estimando a probabilidade
de eventos extremos futuros e seus valores
maximos esperados em intervalos mensais e
quinzenais. Foram utilizados dados diarios
oficiais do Our World in Data, vinculado &
Universidade de Oxford, que cobrem o periodo
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Block Maxima approach proved to be the most
suitable, providing more accurate estimates of
the observed extreme values. The results showed
that EVT was effective in identifying extreme
patterns in emerging diseases, enabling accurate
estimates to support public health planning.

Keywords: COVID-19. Extreme Value Theory.
Block Maxima Method. Public Health.
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de 2020 a 2022. Entre os métodos avaliados, a
abordagem de Maximos em Blocos mostrou-se a
mais adequada, fornecendo estimativas mais
precisas dos valores extremos observados. Os
resultados mostraram que a TVE foi eficaz na
identificacdo de padrdes extremos em doencas
emergentes, possibilitando estimativas precisas
para subsidiar o planejamento em salde publica.

Palavras-chave: COVID-19. Teoria dos Valores
Extremos. Método de Maximos em Blocos. Saude
Publica. Analise Probabilistica.

Probabilistic Analysis.

1 INTRODUCTION

In late 2019, the first cases of COVID-19 were reported in China. The disease is
an acute respiratory infection caused by the novel coronavirus SARS-CoV-2,
characterized by high transmissibility and rapid global spread (OPAS, 2021). On March
11, 2020, the World Health Organization declared a pandemic due to the high number of
deaths and the rapid increase in daily cases (WHO, 2020). In Brazil, the first confirmed
case occurred on February 26, followed by the first death on March 17, with 121 reported
cases (Barbosa et al., 2020). Since then, the disease has grown significantly across the
country, establishing a public health emergency (Cavalcante; Abreu, 2020).

The rise in cases and deaths put a lot of pressure on the healthcare system, causing
crowded hospitals, a lack of supplies and medicines, and problems with services (Bezerra
et al., 2020b). Although such events cannot be avoided, their occurrence can be
anticipated using statistical methods that estimate the probability of extreme situations
(Antunes; Cardoso, 2015; Bezerra et al., 2020a; Nascimento et al., 2020; Vasconcelos;
Moura, 2020). Extreme Value Theory (EVT) is one such statistical approach, designed to
analyze the probability of rare events across fields such as epidemiology, economics, and
climatology (Liska et al., 2013; Martins et al., 2020). Despite its relevance, few studies
have applied EVT in public health, limiting the ability to predict emerging
epidemiological scenarios (Guillou et al., 2014; Thomas et al., 2016; Zhu; Chen, 2021).

This study proposes applying EVT to the evolution of the COVID-19 pandemic
in Brazil. The aim was to analyze data on new cases and deaths, estimate the probability
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of extreme events, measure expected maximum values over time, and evaluate which

probability distributions best fit the data.
2 MATERIALS AND METHODS
2.1 Data

The daily COVID-19 data were obtained from the Our World in Data database,
linked to the University of Oxford, covering Brazil from 2020 to 2022. The database is
updated daily (Mathieu et al., 2020). The data were organized into fortnightly and
monthly periods, separated into two intervals. The period from February 26, 2020, to
March 31, 2021, was used as the training series, while the period from April 1, 2021, to
January 31, 2022, was used for comparison. The variables considered were the number

of new cases and the number of new deaths, with the maximum value for each period.
2.2 Methodology and probability distributions

In this section, we briefly describe the statistical methods used to analyze extreme
events in COVID-19 cases and deaths, based on Extreme Value Theory.

2.2.1 Block Maxima Method (BM) and Generalized Extreme Value Distribution (GEV)
To analyze the maximum events in COVID-19 records, two approaches from

Extreme Value Theory were used. The first approach, called Block Maxima (BM),

describes the behavior of the maximum value that occurs within periods. According to

Coles et al. (2001), EVT states that under suitable conditions, if there exist sequences of

constants a,, > 0 and b,, € R, then.

P(Mna—;bn Sx)—)f(x) n-oo (1)
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Where

M,, is the maximum of a sample of size n. This means that the normalized sequence of maxima

converges in distribution to a non-degenerate asymptotic distribution.

The methodology includes three extreme value distributions: Gumbel (¢ — 0),
Fréchet (¢ > 0) and Weibull (¢ < 0), which can be written using a single common
parameterization, called the Generalized Extreme Value (GEV) distribution, where the

parameters satisfy —co < y < 00,6 > 0e — o0 < & < oo, given by:

F(x) = exp {— [1 + E(?)] g} (2)

The model has three parameters: the location parameter W, which shifts the
distribution along the x-axis; the scale parameter o, which controls the spread; and the
shape parameter &, which defines the type of distribution. Specifically, Gumbel
corresponds to ¢ — 0, Fréchet to & > 0, and Weibull to ¢ < 0.

Using this combined framework of the three distributions, the statistical
implementation through the inference of (&) becomes simplified. This model was used to
determine which of the three distributions best fit the data and to identify the distribution
represented by the dataset. Additionally, the Gumbel distribution was applied in the BM
analysis. In the case where (¢ — 0), the cumulative distribution function of the Gumbel
distribution, defined in the range —oco < x < oo and using the same parameterization as

the previous equation with u > 0, is given by:

F) = exp[-exp{- ()] 3)

o

A random variable x follows a Gumbel distribution when its probability density

function (PDF) is given by:
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f0 = 2o (- (1) - em [ 2H]) @

o

From the derivation of equation (2) with respect to X, it is possible to obtain the
PDF of the GEV distribution, which is expressed as:

1+4&

e R A N I

Qe

f&x) =

defined in —co<x<u—o/é for ¢ <0and u—o/é <x<oo for £€>0
(Bautista et al., 2004; Coles et al., 2001).

2.2.2 Peaks Over Threshold Method (POT) and Generalized Pareto distribution (GP)

For a more detailed understanding of data variation and to analyze rare events, a
second methodology was applied, considering and estimating values exceeding a given
high threshold. In this case, the values were estimated using the Peaks Over Threshold
(POT) method and analyzed using the Generalized Pareto distribution (GP), whose

cumulative distribution function is defined as:

(

-\ F
F(y)=!1_<1+$ - ) , E€+0 o
Ll—exp(—y_“), E-0

g

From the distribution function in equation (5), we can derive the probability
density function (PDF) of the GP, given by:

(7)
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This definition applies for 0 < ywhen ¢ #0andfor0 <y <1/&whené =0
(Ma et al., 2021). It is important to note that, as in the first methodology, the GP can also
be divided into three types of distributions: Exponential (¢ — 0), Pareto (¢ > 0), and Beta
(¢ < 0). To define an appropriate threshold value u in the POT methodology, graphical
analyses were used. The mean residual life plot, which is approximately linear, was used.
However, its interpretation is subjective. Therefore, the threshold choice plot was also

used, as demonstrated by Coles et al. (2001).
2.2.3 Maximum Likelihood Estimation

Since the model parameters are unknown, it was necessary to use statistical
estimation methods to obtain the estimators and fit the models. For this purpose, we used

the Maximum Likelihood Estimation (MLE) method. The statistical model is defined as:

LO; 21y 2n) = fO30) X X (i 0) = | [fC0)  (®)
i=1

This approach consists of estimating the parameters that maximize the likelihood
function, i.e., the values that provide the highest probability for the observed x, as
described by Assis et al. (2021).

2.2.4 Hypothesis testing

To assess the dataset's assumptions, three hypothesis tests were applied. The
Ljung-Box test was used to assess the independence of the time series, and the Mann-
Kendall test was used to assess the presence of a significant trend in the data
(Albuquerque, 2018). The null hypothesis Ho states that there is no significant trend, while
the alternative Hj states that a trend exists. Both were tested at the 1% significance level
(¢ = 0.01). The same logic applies to the Ljung-Box test. The Kolmogorov-Smirnov test

was also applied to assess whether the biweekly and monthly COVID-19 maxima follow
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a theoretical distribution and to evaluate how well the model fits (Cotta et al., 2016). The
test statistic is defined as:

D = max|F(Xq) — R(Xa)|  (9)

Where F(Xq) is the empirical distribution function and R(Xq) is the theoretical
distribution. The test checks if the data (d = 1,2,3,...,n) are close to the theoretical
model, based on the maximum distance between the two distributions.

To evaluate which extreme value distribution fits the data best, we applied the
Likelihood Ratio Test (LRT) to test whether the parameter ¢ is statistically equal to zero

when comparing the Gumbel and GEV models. The test statistic is given by:

Ty = ~2[1(8) ~ 8oz )] = 2[1(Fem) — 1(85)]  1°)

where 1(8;) and I(855y ) are the maximum log-likelihoods, and 8; = (i, o) and

Ocev = (u, 0, &) are the vectors of estimated parameters. For the comparison between the

Exponential and GPD models, the likelihood ratio statistic follows the same logic:
Try = =2[U(0k) = U(8cro)] = 2[1(0erp) = 1(BE)]  (11)

The null hypothesis is Ho: ¢ = 0, while the alternative is Hi: & # 0. At the 1%
significance level (@ = 0.01), Ho is rejected if the test statistic is larger than the chi-
squared critical value with one degree of freedom, or if the p-value is smaller than
« (Bautista et al., 2004).

2.2.5 Probability of exceedances

To calculate the probability of events exceeding the number of COVID-19 cases

and deaths, the following formula was applied:
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PX>x)=1—-F(x)=1—exp —P+é@%ﬁﬂ% (12)

For the case where ¢ — 0 the formula is defined as:

PX>x)=1—exp {—exp [— (x%Aﬁ)]} (13)

Here, x represents the maximum eventand 0 < x < oo, as described by Almeida
(2018).

2.2.6 Return level estimation

The return period represents the estimated time interval in which a specific event
is expected to occur. It is defined as the inverse of the probability that an event is equal

to or exceeds a given value. The return period t is expressed as:

t (14)

T1-F(x)

where F(x) = p(X < x). The return level (xp) associated with a return period is

obtained from the expression:

F(x,) = J_:f(x)dx =1-p (15)

for p=1/t. Using the estimated parameters of the GEV and Gumbel
distributions, it is possible to estimate the maximum probable number of COVID-19 cases
and deaths. The return level is calculated as the inverse of F(x,). For the GEV

distribution, the return level is given by:

Veredas do Direito, v.23, €235385 — 2026




Ana Carolina Matiussi & Gilberto Rodrigues Liska & Luiz Alberto Beijo & Thales Rangel Ferreira & Daniel Augusto de Melo Pedro

% =i-{1- -G -p)I},  £# 0 (16)

For the Gumbel distribution, the return level is given by:
Xp=fA—-6{ln[-In(1-p)]}, §-0 (17)

Return level estimates (%,) associated with the return period t = 1/p were
obtained using maximum likelihood estimators (MLE), as described by Almeida (2018).
For the GP, return levels can be estimated similarly. According to Bautista et al. (2004)

the confidence interval for X, at a (1 — a)100% confidence level is given by:

IC(xp) =X, £ Z% /Var(a?p) (18)

where « is the significance level, z« is the critical value from the standard normal
2

distribution, and Var(X,) is the variance associated with the estimated return level x,,.
2.2.7 Goodness of fit criteria

After all analyses, statistical methods were applied to evaluate and select the
models that best fit the COVID-19 data. Based on these measures, the distribution and
methodology that performed best were identified. The quality-of-fit criteria are calculated

using the following equations (Ananias et al., 2021):

RMSE

1 . (19)
= —z (xi(obs)_xi(pred))

Xi(obs) — Xi(pred)

1 n
MAPE = —Z
n i=1

x 100 (20)

Xi(obs)
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Y| Xiconsy — Riprea |

md=1- - — — (21)
Z?=1(|xi(obs) - x(mean)| + |xi(pred) - x(mean)l)
1 n
MAE = —z, |%icobs) — Ricpreay| (22)
n =1
Y1 (Xiconsy — fi(pred))z
NSE =1-— (23)

_ 2
Z?:1 (xi(obs) - x(mean))

Based on goodness-of-fit criteria, it is possible to evaluate and select the statistical
models that best fit the COVID-19 data (Abreu et al., 2018).

2.2.8 Computational resources

All analyses were conducted in R (R Core Team, 2020), using the packages evd
(Stephenson, 2002) for the estimation of extreme value distributions, extRemes
(Gilleland; Katz, 2016) for hypothesis testing and model fitting, and hydroGOF

(Zambrano-Bigiarini, 2017) for the evaluation of predictive performance.
3 RESULTS AND DISCUSSION

According to the likelihood ratio test (LRT), at the 1% significance level (a =
0.01), the pvalue was greater than the tabulated value, meaning that Ho could not be
rejected. Therefore, the parameter & was considered statistically equal to zero under both
methodologies. Consequently, the Gumbel and Exponential distributions were identified
as providing the best fit and were used to analyze the three observed series (Tables 1 and
4).

Similar findings were reported by Lim et al. (2020), who also observed that the
Gumbel and Exponential distributions provided the best fit for dengue maxima. However,
unlike the present study, their model selection relied on the Akaike Information Criterion
(AIC) and the Bayesian Information Criterion (BIC), whereas here it was based on the

LRT. This highlights that model selection can be supported by different approaches, as
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discussed by the authors. In a related context, Chen et al. (2015) applied Extreme Value
Theory (EVT) in epidemiology using both methodologies to estimate the probability of
highly pathogenic diseases in public health, though in a distinct scenario from the present

study.

Table 1
Parameter estimates of the GEV, Gumbel, Exponential, and GPD distributions and their

respective hypothesis tests for the number of new COVID-19 cases.

Method Period Distribution B o & LRT MK LB KS
1st Fortnight GEV 4051309 3167180 5950 (03055 09514 04512 O-870°
Gumbel 4051310 3167181 - 0.6007
BM Forzt?]? " GEV 4056140 3283039 4680 005379 03244 001422 06294
g Gumbel 4056140  32830.40 - 0.2574
Monthly GEV 4644739 3938LOZ 6076 001336 06614 001116 02043
Gumbel 4644740 3538103 - 0.5787
Exponential 75000 8922.38 : 0.2528
1st Fortnight o o0 12574z, 006 0917 03012 g
o Exponential 75000  8922.38 ; 0.0040
POT  Fortnight GP 75000 1257436 o 5. 0.0646  0.5371 08223 ) 1519
Exponential 75000  8922.38 ; 0.3052
Monthly P o0 15 00646 00086 01139 ..

The Mann-Kendall test, applied under the BM methodology for cases, indicated
no significant trend, suggesting that the series was randomly distributed (p-value > 0.01).
Similar results were observed in the first and second fortnights under the POT
methodology, although the monthly analysis showed a slight trend. These results differ
from those of Lim et al. (2020), who identified trends in dengue maxima series.

The Ljung-Box test indicated independence across all case series. In addition, the
Kolmogorov-Smirnov test confirmed that the Gumbel and GEV distributions provided
adequate fits in all series. Under the POT methodology, only two series were fitted by the
Exponential and GP distributions, with satisfactory adjustment by the GP observed only
in the second fortnight (Table 1).
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Table 2
Probabilities (%) of new COVID-19 cases and expected maximum values under the BM
method.
BM Method
Probabilities Expected (months)
Periods  Distribution >10.000 >20.000 >30.000 >50.000 >75.000 2 3 4 5 6
1st GEV 8825 8226 7417 5127 1585 50941 62624 68363 71916 74382
Fortnight ~ Gumbel 9272 8521 7518 5234 2858 52121 69104 79973 88019 94418
2nd GEV 8853 8230 7406 5202  21.04 51618 64730 71550 75938 79073
Fortnight ~ Gumbel 92.09  84.60 7483 5277 2955 52594 70198 81464 89805 96438
Monthly GEV 80.20 8431  77.82 5941 2802 58072 71031 77363 81270 83974

Gumbel 93.93 87.90 79.64 59.52 3599 59415 78387 90529 99517 106665

Table 3
Probabilities (%) of new COVID-19 cases and expected maximum values under the POT
method.
POT Method
Probabilities Expected (months)
Periods  Distribution >10.000 >20.000 >30.000 >50.000 >75.000 2 3 4 5 6
1st Exponential  32.60  10.63 3.47 0.37 0.02 77062 80679 83246 85237 86864
Fortnight GP 37.69 6.69 0.00 0.00 0.00 77764 81992 84570 86360 87698
2nd Exponential  32.60  10.63 3.47 0.37 0.02 77062 80679 83246 85237 86864
Fortnight GP 37.69 6.69 0.00 0.00 0.00 77764 81992 84570 86360 87698
Monthly EXPonential  32.60 1063 3.47 0.37 0.02 76165 78244 79713 80851 81781
y GP 37.69 6.69 0.00 0.00 0.00 71823 74477 75924 76837 77447

Tables 2 and 3 present the probabilities of new COVID-19 cases at different
levels, along with expected maximum values. Under the BM methodology with the
Gumbel distribution, there was a 93.93% probability of exceeding 10.000 cases and a
35.99% probability of exceeding 75.000. Using the POT methodology with the
Exponential distribution, the probabilities were 32.60% and 0.02% for the same
thresholds. Regarding return periods, the maximum number of new cases increased over
time, reaching 106.665 (BM) and 81.781 (POT) in the sixth month. These results
correspond to the monthly analysis.

Lim et al. (2020) proposed a different methodology, based on Inhomogeneous
Point Processes (IPP) combined with EVT, to estimate the probability of dengue cases
exceeding observed levels. They showed that within ten years, dengue cases are expected
to surpass historical maxima in more than half of Thailand’s provinces. In another

example, Thomas & Rootzén (2022) developed a real-time forecasting method for
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influenza epidemics in France using the multivariate Generalized Pareto Distribution.
Their results estimated a 10% probability that the epidemic would exceed 9.385 cases at
least once over the next 10 years. However, the method is applicable only to diseases with

historical data, making it less suitable for emerging diseases such as COVID-19.

Table 4
Parameter estimates of the GEV, Gumbel, Exponential, and GP distributions and their

respective hypothesis tests for the number of new COVID-19 deaths.

Method Period Distribution B o & LRT MK LB KS
Forﬁ " GEV 1106.33 52393 (3105 01199 01148 08284 08949

g Gumbel 105711  522.59 ] 0.7131

2nd GEV 93804 62836  0.0166 0.5906

BM " Eornight  Gumbel  938.04 62836 - 09091 08548 002799 00
Monthly GEV 1064.78 67960 (6407 07903 0583 001118 02841
Gumbel 105739  690.22 ] 0.5682

1st Exponential 1600 839.96 - 0.0269

Fortnight GP 1600 91496 7. 02685 0.1074 00571 ) 56

ond Exponential 2800 577.71 - 0.6596

POT  Fortnight GP 2800 72671 o cges 01191 0.0162 0.089%62 ) )5,
Exponential 2800 577.71 - 0.6596

Monthly P w0 6T 01191 00162 00896 0.,

Similar to the case results, the Mann-Kendall test (MK) for deaths indicated no
significant trend, suggesting a random distribution of the series. The Ljung-Box test (LB)
confirmed data independence, and the Kolmogorov-Smirnov test (KS) showed that all

distributions fitted the death series adequately under both methodologies (Table 4).

Table 5

Probabilities (%) of new COVID-19 deaths and expected maximum values under the BM

method.

POT Method
Probabilities Expected (months)

Periods  Distribution 1000 500 Z300 2400 2800, gy s
1st GEV 70.40 844 000 000 000 1288 1519 1648 1735 1799
Fortnight ~ Gumbel 67.22 1518 240 036 005 1249 1529 1708 1841 1947
2nd GEV 59.59 1721 401 092 022 1169 1509 1729 1892 2022
Fortnight ~ Gumbel 59.59 1685 369 076 016 1168 1505 1720 1880 2007

_ Veredas do Direito, v.23, 235385 — 2026
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Monthl GEV 66.71 2154 473 086 014 1312 1667 1890 2053 2182
y Gumbel 6627 2252 58 140 033 1310 1680 1917 2093 2232
Table 6
Probabilities (%) of new COVID-19 deaths and expected maximum values under the POT
method.
BM Method
Probabilities Expected (months)

Periods  Distribution >1.000 >2.000 >3.000 >4.000 >5.000 2 3 4 5 6
st Exponential ~ 30.41 9.25 2.81 0.85 0.26 1984 2324 2566 2753 2906

Fortnight GP 28.98 5.46 0.42 0.00 0.00 1999 2323 2537 2694 2817
2nd Exponential  17.71 3.14 0.56 0.10 0.02 2328 2562 2728 2857 2963
Fortnight GP 5.61 0.00 0.00 0.00 0.00 2035 2461 2707 2870 2988
Monthly Exponential  17.71 3.14 0.56 0.10 0.02 2328 2562 2728 2857 2963
GP 5.61 0.00 0.00 0.00 0.00 2035 2461 2707 2870 2988

Tables 5 and 6 show the probabilities of new COVID-19 deaths and their expected
maximum values. Under the BM methodology with the Gumbel distribution, the
probability of more than 1.000 deaths in a month was 66.27%, while the probability of
exceeding 5.000 was only 0.33%. Under the POT methodology with the Exponential
distribution, the probabilities were approximately 18% and 0.02%, respectively.
Regarding return periods, the maximum expected deaths increased over time, reaching
2.232 (BM) and 2.963 (POT) in the sixth month, according to the monthly analysis.

Previous studies reinforce the use of EVT for mortality. Thomas et al. (2016) and
Chiu et al. (2018) applied mathematical approaches to estimate mortality events, although
their results differed from ours. Both investigated the probability of deaths exceeding
specific return levels. In a related context, Campolieti (2021) estimated influenza
mortality risks and their extreme values. The results indicated return levels ranging from
122.77 to 232.87 per 100.000 inhabitants over the next 50 years, with mortality rates
varying from 3.8% to 7.2%. However, the author emphasized the limitation of the small
number of observations, a constraint also noted by Thomas; Rootzén (2022).
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Table 7
Goodness-of-fit criteria for probability distributions under different methodologies

considering return periods of 2 to 11 months, for the number of cases.

Periods  Method Distribution  RMSE ~ MAPE (%) md MAE AMI NSE
BM Gumbel 93523.14  175.1278 0.10 79411.18 62750.06 -27.90
1st GEV 98542.00  138.3594 0.05  77258.99 26917.71 -101.63
Fortnight POT Exponential 94477.31  164.2682 0.04 75135.70 9729.87 -307.78
GP 95557.84  153.3021 0.02  74383.47 6327.859 -810.17

BM Gumbel 92382.07  191.656 0.12  80097.77 70382.05 -21.75

2nd GEV 96786.06  150.5158 0.05 77688.86 29110.81 -79.47
Fortnight ~ POT  Exponential 94477.31  164.2682 0.04 7513570 9729.87 -307.78
GP 95557.84  153.3021 0.02  74383.47 6327.859 -810.17

BM Gumbel 91939.02  204.9791 0.14 80535.85 74347.76 -18.87

Monthly GEV 96175.14  155.5169 0.05 77614.49 2695193 -84.35

POT  Exponential 94477.31  164.2682 0.04  75135.70 9729.87 -307.78
GP 95557.84  153.3021 0.02  74383.47 6327.859 -810.17

Table 8
Goodness-of-fit criteria for probability distributions under different methodologies

considering return periods of 2 to 11 months, for the number of deaths.

Periods Method Distribution RMSE  MAPE (%) md MAE AMI NSE
BM Gumbel 1241.38 139.114 0.01 1156.65 929.8376 -16.76
1st GEV 114783  125.8712 0.01 1065.05 682.3222 -25.28
Fortnight POT Exponential 2038.63 252.2347 0.06 1851.14 9425786 -18.11
GP 1956.88  242.4996 0.04 1779.89 1741.693 -26.49
BM Gumbel 1347.06  153.3154 0.01 1255.62 1125959 -12.24
2nd GEV 1351.25  153.1154 0.01 1259.34 1200.998 -11.51
Fortnight ~POT  Exponential 1941.84  240.9584 0.05 1749.97 412.7978 -34.91
GP 2067.34 253.693 0.04 1909.12 4946.539 -11.30

BM Gumbel 1386.68 160.4486 0.02 1291.53 1129.949 -12.56
GEV 1389.04 160.624 0.02 1293.86 1181.121 -12.33

POT  Exponential 1941.84  240.9584 0.05 1749.97 412.7978 -34.91
GP 2067.34 253.693 0.04 1909.12  3660.622 -11.30

Monthly

In addition to the goodness-of-fit tests, which evaluate the adequacy of
distributions to the dataset, it is essential to assess the uncertainties associated with model
predictions. This step complements the initial evaluation by measuring model fit using
various statistics (Tables 7 and 8). Among the four probability distributions analyzed, the
Generalized Pareto (GP) and the Generalized Extreme Value (GEV) distributions
performed best for case series, with lower estimation errors across all three periods.

For the death series, the goodness-of-fit measures indicated different outcomes.
The criteria showed that GP and GEV were more suitable for the first fortnight when

estimated by Maximum Likelihood Estimation (MLE). For the second fortnight and
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monthly data, the Gumbel and Exponential distributions performed better when estimated
with the L-moments method, which proved more efficient than MLE in these cases.
Similar findings were reported by Wong & Collins (2020), who concluded that
coronavirus superspreading follows a heavy-tailed distribution, specifically a Fréchet
distribution. This interpretation is consistent with Cirillo & Taleb (2020), who also argued
that pandemics are heavy-tailed phenomena and correspond to specific cases of the GEV

distribution.

Table 9
Comparison of observed and estimated values for the 11-month return period, using the

methodology and distribution that provided the most accurate estimates.

Period Method Distribution Observed Estimated
Number of Cases

1st Fortnight BM GEV 260806* 80559

2nd Fortnight BM GEV 260806 87350

Monthly BM GEV 260806 90716
Number of Deaths

1st Fortnight BM GEV 780* 1980

2nd Fortnight BM Gumbel 780 2415

Monthly BM Gumbel 780 2679

*The observed values refer to the maximum peak in January 2022.

Table 9 compares the observed and estimated values. In some cases, the predicted
values were consistently lower than the observed ones, indicating underestimation. For
deaths, the opposite occurred: predictions exceeded observations, suggesting
overestimation. This discrepancy may be explained by external factors such as
vaccination, mandatory mask use, physical distancing, and social isolation. These
measures helped reduce cases and deaths during the pandemic (Brasil, 2020). Therefore,
since the pandemic and preventive strategies were still in effect during the study period,
occasional discrepancies between estimates and observed values were expected.

4 CONCLUSIONS
Given the number of cases and deaths, the Block Maxima methodology proved

most suitable, providing more consistent forecasts of COVID-19 extreme values. For

cases, the monthly period yielded more accurate estimates, while for deaths, the first
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fortnight period was the most satisfactory. The applied theory and methods proved
functional, enabling the calculation of the probability of an emerging disease and the
estimation of its expected maximum value within a defined time frame, even with a
limited number of observations. As highlighted in previous studies, this methodology can
be extended to other public health contexts, supporting the prediction of epidemiological
scenarios and providing relevant information for healthcare systems. It is important to
emphasize that forecasts do not represent absolute certainties but rather the probability of
future extreme values occurring in situations such as emerging pandemics. Thus, this
study offers a methodology based on probability distributions that produces more
accurate estimates with lower prediction errors than other approaches.
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