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Abstract. This study presents a nationwide assessment of the association be-
tween rainfall and crash occurrence on the Brazilian federal highway network
across the 27 states. The alignment between these seasonal patterns is quanti-
fied using Spearman’s correlation. The results reveal pronounced spatial vari-
ability in both the direction and magnitude of the rainfall–crash relationship.
Significant negative correlations are concentrated in the North, whereas signifi-
cant positive correlations are observed mainly in the Southeast and in Paraíba.
A Fisher-z regression shows a positive, statistically significant association be-
tween state GDP and the strength of the correlations, indicating that more eco-
nomically developed states in Brazil are more sensitive to weather-related im-
pacts on highway safety.

1. Introduction
Road safety management depends not only on long-term structural interventions but also
on timely operational decisions, such as when and where to intensify enforcement, com-
munication, and emergency readiness. Weather is one of the context variables that can
change driving conditions and mobility routines, and rainfall is particularly relevant be-
cause it can affect visibility, surface friction, and travel behavior [Becker et al. 2022]. For
public policy, the practical question is not whether rainfall matters in general, but how its
association with crash occurrence varies across territories and seasons in ways that can
support actionable planning.

Brazil offers a challenging setting for this problem. The federal highway sys-
tem spans regions with distinct rainfall regimes and socio-territorial configurations, from
areas where heavy rainfall can constrain circulation to contexts where traffic remains in-
tense under adverse conditions. In such a heterogeneous environment, a uniform assump-
tion that “rain increases crashes” may lead to poorly targeted calendars and inefficient
allocation of operational resources [Zhang et al. 2024]. It is important to identify state-
specific association profiles and translate them into planning cues compatible with how
road and highway safety agencies operate, especially in Low-Middle-Income Countries
(LMICs), where evidence gaps in road and highway safety interventions remain substan-
tial [Goel et al. 2024].

In this study, we aim to identify and profile the locations where crash occurrence
is more strongly associated with seasonal rainfall patterns. Our work addresses this chal-
lenge by integrating administrative crash records from Brazil’s Federal Highway Police
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(Polícia Rodoviária Federal, PRF) with meteorological observations from the National
Institute of Meteorology (Instituto Nacional de Meteorologia, INMET) for the 2008–
2025 period. While previous work has examined rainfall–crash associations in specific
Brazilian highway segments [Guideli et al. 2021], a systematic state-level analysis across
the federal network remains lacking. Our contribution includes a methodology for as-
sessing the extent to which seasonal rainfall patterns are associated with the temporal
distribution of crashes at the national level. By using this information, policymakers can
proportionally take action to improve urban infrastructure and road/highway safety.

The remainder of this work is organized as follows: in Section 2, we discuss
related work; in Section 3, we present the datasets; and in Section 4, we discuss the
methodology. The results are presented and discussed in Section 5. Finally, we set out
the conclusions in Section 6.

2. Related Work

The literature on road analysis and improvement is vast and constantly evolving. Con-
tributions cover optimized infrastructure, traffic control, road safety, and the influ-
ence of variables such as climate, wealth, and human behavior. According to Goel et
al. [Goel et al. 2024], only a small fraction of this body of work focuses on LMICs, such
as Brazil, that are rapidly expanding their road and highway infrastructure and experienc-
ing significant changes in traffic patterns.

In the context of our work, which analyzes the influence of rainfall on the number
of highway crashes, Zou et al. [Zou et al. 2024] investigate the effects of weather fac-
tors on road traffic casualties using provincial-level data from China covering the period
2006–2021. The results reveal that precipitation is negatively associated with casualties
in the short run (consistent with exposure reduction) and positively associated over longer
horizons. Furthermore, the study incorporates socioeconomic variables, such as GDP per
capita and health investment. It shows that territorial heterogeneity in the weather-crash
relationship cannot be explained by meteorological factors alone.

Zhang et al. [Zhang et al. 2024] investigate the factors influencing road traffic ac-
cidents across 31 provinces in China using data from 2009 to 2021. The authors apply
geographically weighted regression (GWR) to demonstrate that the effects of variables
such as highway mileage, population, and GDP per capita vary significantly across re-
gions, underscoring the inadequacy of uniform road safety approaches. The study shows
that provinces with higher motorization and road infrastructure tend to experience more
accidents, while better economic conditions may mitigate this effect.

The seasonal dimension of traffic crashes is explored by Harirforoush et
al. [Harirforoush et al. 2019], who examine how different weather conditions across sea-
sons affect crash frequency and severity in urban contexts. The authors demonstrate that
the temporal distribution of crashes exhibits distinct seasonal patterns, with peaks associ-
ated with adverse meteorological conditions such as rain and snow. The study combines
spatial and temporal analysis to identify high-risk areas and periods, providing inputs for
planning preventive interventions.

In the Brazilian context, Mantovani et al. [Mantovani et al. 2025] use open data
from the Federal Highway Police to develop analyses and models to reduce crashes and
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deaths on federal highways. The authors apply data mining techniques to identify key
factors associated with crash risk, providing inputs for data-driven decisions in public
health and road safety policy.

Guideli et al. [Guideli et al. 2021] analyze the relationship between field-
measured precipitation and crash frequency on the BR-376/PR, a Brazilian mountainous
highway, between 2014 and 2018. Using local rain gauge data and crash records, the
authors apply negative binomial regression and demonstrate that rainfall intensity signifi-
cantly increases crash risk on this mountainous segment. The study also identifies distinct
critical seasons for rainfall influence, alerting to the possible need for differentiated road
safety policies across periods.

To contribute to the urban development of road and highway infrastructure in
Brazil, we conduct a nationwide study using highway data and intelligent safety policies.
We incorporate insights from state-of-the-art research, such as the seasonal crash patterns
identified by Harirforoush et al. [Harirforoush et al. 2019], to show that, although Brazil
is improving its highway and traffic infrastructure in most developed states, it still needs to
invest proportionally in policies that keep pace with this growth and mitigate the impacts
of factors such as rainfall.

3. Datasets

To support our analysis, we use the highway crash occurrence records from [PRF 2025],
and data from the meteorological measurements from the Brazilian National Institute of
Meteorology (INMET) [INMET 2025]. Both datasets cover the period from 2008 to
2025. The climatic data contains hourly precipitation measurements recorded through-
out the years. For the state-level time-series analyses adopted in this paper, precipitation
was summarized by median monthly precipitation.

Previous studies have demonstrated the analytical potential of the PRF crash
database [Costa et al. 2014]. The PRF is the federal law enforcement agency responsi-
ble for policing and documenting incidents on Brazil’s federal highways. The dataset
used in this study comprises approximately 2.02 million crash records for the 2008–2025
period. Each entry corresponds to a crash occurrence and provides structured information
that enables temporal and territorial aggregation. Temporal fields were standardized to
extract year and calendar month, location identifiers were checked, and only records with
valid, non-duplicated temporal and territorial information were used.

In broad terms, the records include: (a) temporal information (date, time, and
day of week); (b) territorial and spatial localization (federal unit, municipality, highway
reference such as BR and kilometer, and georeferenced coordinates); (c) crash character-
ization (e.g., cause and type of crash, and categorical severity); and (d) outcome counts
describing involved people/vehicles and injury severity (including fatalities and injuries).
The aggregation of this detailed, information-rich dataset enables us to examine local and
national trends at different temporal granularities. Figure 1 presents the total number of
crashes per year in Brazil from 2008 to 2025. After peaking in 2011, this number has
declined since 2013.

This sustained reduction in total crashes after the early 2010s can be explained by a
combination of concurrent interventions, including the intensification of impaired-driving
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law enforcement following the 2012 “New Lei Seca” (Law 12,760/2012), which has been
repeatedly associated with reductions in severe outcomes [Guimarães and da Silva 2019].

Figure 1. Total number of road crashes per year on Brazil’s federal highway sys-
tem (2008–2025).

4. Rainfall–Crash Association and Correlation Analysis

Our study integrates crash records and meteorological data to examine the association
between rainfall patterns and crash occurrence across 27 Brazilian states. Considering
that the number of crashes and the volume of precipitation exhibit seasonal patterns over
the same period across different years [Harirforoush et al. 2019], each state is represented
by two time series. The first consists of the monthly aggregation of crashes recorded
between 2008 and 2025. The second corresponds to the median monthly precipitation
over the same period, which characterizes the seasonal rainfall cycle.

By computing rainfall–crash Spearman correlation [Myers and Sirois 2014], we
assess the extent to which the seasonal pattern of rainfall is associated with the temporal
distribution of crashes in each state. Spearman’s correlation was adopted because it is
robust to non-normality, non-linearity, and the presence of outliers, which are common
characteristics of aggregated road safety time-series data.

4.1. Crash Time Series

The crash time series is computed from PRF records [PRF 2025]. For each Brazilian state
s, we identify the crashes x that occurred in calendar month m ∈ {1, . . . , 12} and year
a ∈ A = {2008, . . . , 2025}, and compute the total number of crashes Cs,m,a for month
m of year a. Each crash contributes equally to the count, regardless of its severity or
the number of vehicles involved. To obtain the seasonal profile, the monthly counts were
summed across all available years, yielding one value per calendar month:

Ĉs,m =
∑
a∈A

Cs,m,a m = 1, . . . , 12 (1)
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The summation preserves the cumulative volume of crashes, so that months with
consistently higher occurrence across several years produce larger aggregate values. The
result is a 12-point vector Ĉs = (Ĉs,1, . . . , Ĉs,12) that captures the characteristic seasonal
shape of crash occurrence for each state. Figure 2 illustrates this profile for the state of
Amapá.

Figure 2. Total crashes per calendar month summed across 2008–2025 for Amapá
(AP).

The time series exhibits an increasing trend, with January and February concen-
trating fewer crashes than the months at the end of the year, a period associated with
increased commercial activity, school holidays, and festive travel, which tend to elevate
traffic exposure and, consequently, the number of recorded crashes.

4.2. Rainfall Time Series
We use the data provided by [INMET 2025] to compute the rainfall time series. Consid-
ering Rs,m,a as the total rainfall (in mm) recorded at the state s, in month m of year a,
we construct the seasonal profile of the monthly values by computing the median R̃s,m

across years. The median was chosen instead of the arithmetic mean for robustness:
precipitation distributions are typically right-skewed, and isolated extreme events (e.g.,
atypical storms) in a single year could distort the mean, whereas the median remains
representative of the typical rainfall for that calendar month. The result is a 12-point
vector R̃s = (R̃s,1, . . . , R̃s,12) that captures the characteristic seasonal rainfall regime of
different states in Brazil.

Figure 3 illustrates this profile for the state of Amapá. The resulting rainfall time
series exhibits a precipitation pattern consistent with the state’s climatological regime.
Located in the Amazon region, Amapá has a well-defined rainy season, typically from
January to June, with peak precipitation between March and May, and a relatively drier
period in the second half of the year. In Figure 3, precipitation is higher in February
and March, gradually decreasing in the subsequent months and reaching a minimum in
October.

4.3. Spearman’s rank-correlation

Using the time series that represent the characteristic seasonal patterns of rainfall (R̃s)
and crashes (Ĉs), the rainfall–crash association is quantified independently for each state
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Figure 3. Median monthly accumulated precipitation across 2008–2025 for
Amapá (AP).

through Spearman’s rank-correlation coefficient ρ, defined in Equation (2). This metric
measures the strength and direction of the monotonic relationship between the two vari-
ables, namely R̃s and Ĉs.

Spearman’s ρ is defined as the Pearson correlation computed on the ranks of each
variable rather than on the raw values, making it naturally robust to non-linearity, outliers,
and distributional assumptions and properties that are desirable given the right-skewed
nature of precipitation data and the discrete character of crash counts. Unlike a purely
linear metric, it captures consistent increases or decreases in the data, regardless of the
underlying functional form.

Given n paired observations, each variable is first converted into ranks. Let R(xi)
and R(yi) denote the ranks of the i-th observation. Spearman’s correlation can then be
computed as the Pearson correlation between the ranked variables:

ρ =

∑n
i=1

(
R(xi)−Rx

) (
R(yi)−Ry

)
√∑n

i=1

(
R(xi)−Rx

)2 ∑n
i=1

(
R(yi)−Ry

)2 (2)

When there are no tied ranks, the coefficient can be computed using the simplified
expression:

ρ = 1− 6
∑n

i=1 d
2
i

n(n2 − 1)
, (3)

where di = R(xi)−R(yi) is the difference between the ranks of each pair of observations
and n is the total number of observations. The value of ρ ranges from −1 to 1, where
values close to 1 indicate a strong positive monotonic relationship, values close to −1
indicate a strong negative monotonic relationship, and values near zero indicate little or
no monotonic association.

In this context, the test evaluates whether periods with higher precipitation are
consistently associated with higher or lower numbers of crashes. The corresponding null
hypothesis states that there is no monotonic relationship between the two time series (ρ =
0). In contrast, the alternative hypothesis indicates the presence of a positive or negative
monotonic association (ρ ̸= 0).
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As a further step, one can assess the relationship between state-level ρ
values and other covariates, such as gross domestic product, by fitting an Or-
dinary Least Squares (OLS) model to the Fisher z-transformed correlation coeffi-
cients [Silver and Dunlap 1987]. Since raw Spearman’s ρ is bounded in [−1, 1] and ex-
hibits a non-normal sampling distribution, the Fisher transformation z = arctanh(ρ) is
required to map ρ to a real line and obtain an approximately normal variable with variance
that is independent of the magnitude of the correlation. The regression is then defined as

zs = β0 + β1xs + εs, (4)

where xs represents the corresponding value of the explanatory variable, β0 is the inter-
cept, β1 captures the association between xs and zs, and εs is an idiosyncratic error term.
The index s identifies the states in the sample.

5. Results
Figure 4 shows the spatial distribution of the state-level association between precipitation
and the number of crashes on the Brazilian federal highway system. For each state, we
report Spearman’s ρ, computed from the time series representing the annual pattern in the
number of crashes and the time series representing the annual precipitation pattern. In
states shown in red (ρ < 0), months with higher precipitation tend to coincide with fewer
crashes. In states shown in blue (ρ > 0), higher-precipitation months tend to coincide
with more crashes. The strength of the association is given by |ρ| ∈ [0, 1], with values
close to 0 indicating a weak or no monotonic relationship and values close to 1 indicating
a strong monotonic relationship between rainfall and the number of crashes.

AC

AM

MG

RJ

PB

AP

Figure 4. Spatial distribution of state-level Spearman correlation between rainfall
and crash counts on Brazil’s federal highway system.

Brazil has continental dimensions and substantial socioeconomic heterogeneity
across states. The map of Spearman’s ρ shows spatial variation in both the direction and

46º Congresso da Sociedade Brasileira de Computação (CSBC 2026), Gramado/RS

14º Latin American Symposium on Digital Government (LASDiGov 2026): Artigos Completos

7



the magnitude of the association between rainfall and the number of crashes. Of the 27
states, 10 have negative correlations, and 17 have positive correlations. Statistically sig-
nificant correlations (p-value < 0.05) are indicated by hatched areas. Three states show
significant negative associations: AP (Amapá, ρ = −0.80), AC (Acre, ρ = −0.72), and
AM (Amazonas, ρ = −0.70). Therefore, months with higher precipitation tend to coin-
cide with fewer crashes. In contrast, three states show significant positive associations:
RJ (Rio de Janeiro, ρ = 0.64), MG (Minas Gerais, ρ = 0.61), and PB (Paraíba, ρ = 0.59).
In these regions, higher-precipitation months tend to coincide with more crashes.

In states where correlation values are low (ρ ≈ 0), the trends representing rain-
fall and crashes suggest no consistent joint pattern. Increases or decreases in precipita-
tion are not consistently accompanied by corresponding increases or decreases in crash
counts. São Paulo, one of the most economically developed states, presents a low and
non-significant Spearman correlation (ρ = 0.23). By observing the normalized time series
representing the typical annual patterns of crash counts and rainfall in Figure 5, we can
see that precipitation is highest between January and March, decreases toward mid-year,
and starts increasing again after August, while crash counts are higher at the beginning
and end of the year. The crash curve is less stable during the dry months, which weakens
the overall association.

Figure 5. Representative seasonal rainfall–crash profiles for São Paulo (SP).

Considering the typical annual patterns of crash counts and rainfall in states with
statistically significant correlations, Figures 6 and 7 represent Amapá and Minas Gerais,
respectively. In the first state (ρ < 0), the number of crashes increases over the year,
with fewer occurrences in January and February and higher volumes in the later months.
In contrast, rainfall is concentrated between January and March and decreases toward
the end of the year. For Minas Gerais (ρ > 0), months with higher precipitation tend
to coincide with higher numbers of crashes. The number of crashes is higher between
January and March, decreases until mid-year, and increases again from September to
December. Precipitation follows a similar seasonal pattern.

Brazil is divided into 5 grand regions: North, South, Southeast, Northeast, and
Central-West. Interestingly, the states with significant negative associations are located in
the North. In contrast, the Southeast region includes two of the three states with significant
positive associations, namely Rio de Janeiro and Minas Gerais. Paraíba is located in
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Figure 6. Representative seasonal rainfall–crash profiles for Amapá (AP).

Figure 7. Representative seasonal rainfall–crash profiles for Minas Gerais (MG).

the Northeast. This spatial pattern may reflect regional differences in traffic demand,
infrastructure, and rainfall regimes.

In the North, months with higher precipitation may coincide with reduced mobil-
ity, as the road network has a higher proportion of segments with limited trafficability
(e.g., BR-319 and BR-163) during the rainy season, which can restrict vehicle circulation
and reduce traffic exposure. In contrast, in the Southeast, the traffic density, urbanization,
and fleet size are substantially higher. Rainfall events may occur under saturated road
networks, reduced visibility, and lower pavement friction, conditions that tend to coincide
with higher crash rates.

Comparing the socioeconomic profiles of the North and Southeast regions (those
with the largest numbers of states on opposite sides of Spearman’s correlation), we ob-
serve that the states with statistically significant associations also lie at opposite ends of
the economic spectrum. According to the IBGE report on Brazil’s 2023 Gross Domestic
Product (GDP), Rio de Janeiro (≈ R$ 1.17 trillion) and Minas Gerais (≈ R$ 0.97 trillion)
rank second and third among the states with the highest GDP [IBGE 2023]. In contrast,
Acre and Amapá are among the states with the lowest GDP, at approximately R$ 26.2 bil-
lion and R$ 28 billion, respectively. Figure 8 shows the scatter plot of state GDP versus
Spearman’s ρ. Because the x-axis values are highly skewed by large differences in GDP
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across states, a logarithmic scale was used.
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Figure 8. State-level Spearman correlation between rainfall and crash counts
versus log(GDP) across Brazilian federal units.

To verify whether higher-GDP states show stronger associations between precip-
itation and traffic accidents, we applied a Fisher-z regression to state-specific correlation
coefficients with log(GDP). The Fisher-z transformation allows correlations to be anal-
ysed with linear models and then back-transformed for interpretation. GDP was positively
associated with the strength of the correlation (β = 0.171, SE = 0.071, p-value = 0.023, R2

= 0.19). These findings indicate that the precipitation–crash relationship is substantially
stronger in more economically developed states.

This result does not contradict the benefits of development. It reveals an important
externality of mobility expansion that requires policy attention. Although higher-GDP
states have historically concentrated investments in transport infrastructure and network
expansion, they also show stronger rainfall–crash associations under adverse weather con-
ditions. This behavior suggests that economic development and roadway modernization
alone are insufficient to mitigate rainfall-associated safety risks when they are accompa-
nied by rapid motorization, high traffic exposure, and complex urban dynamics.

In several of these states, accelerated urban growth has often occurred without
adequate spatial and mobility planning, increasing impermeable surfaces, overloading
drainage systems, and intensifying congestion under adverse weather conditions. These
factors amplify operational risk during rainfall and help explain the positive rainfall–crash
associations observed. From a policy perspective, this indicates that infrastructure quality
must be complemented by integrated land-use planning, resilient drainage design, de-
mand management, and adaptive traffic operations to reduce vulnerability to precipitation
events.

The negative correlations identified in lower-GDP states suggest that different mo-
bility patterns, lower traffic densities, or more cautious behavioral responses to rainfall
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may coincide with fewer crashes under adverse weather. Rather than being interpreted
as a structural advantage, this should be seen as a window of opportunity for proactive
planning. As these states undergo economic and urban expansion, the implementation
of preventive policies, such as risk-sensitive highway design, weather-adapted enforce-
ment strategies, and early integration of climate resilience into transport planning, will
be essential to avoid reproducing the high-exposure model observed in more developed
regions.

At the same time, higher-GDP states should aim to transition toward rainfall–crash
relationships that resemble the negative patterns found in less motorized contexts, priori-
tizing systemic safety approaches that reduce exposure and enhance network robustness.
Together, these differentiated yet complementary strategies underscore the need for devel-
opment pathways that align economic growth, urban form, and climate-responsive road-
safety management.

6. Conclusion
This study provided a nationwide evaluation of the association between seasonal precip-
itation and crash occurrence on Brazil’s federal highways by combining long-term crash
records (2008–2025) with meteorological data for all 27 states. Representing each state
through monthly crash totals and median monthly rainfall allowed the identification of
the alignment between their seasonal cycles using Spearman’s correlation. The results
revealed significant negative associations concentrated in the North and significant posi-
tive associations mainly in the Southeast and Paraíba, indicating that rainfall’s effect on
crashes depends on regional mobility dynamics rather than climate alone.

In lower-mobility contexts, the rainy season tends to reduce traffic exposure and
coincide with fewer crashes, whereas in highly motorized and densely trafficked states,
precipitation occurs under saturated conditions. The positive relationship between state
GDP and the strength of the correlations indicates that more economically developed
regions, despite better infrastructure, tend to show stronger rainfall–crash associations.
This finding highlights an externality of mobility expansion: infrastructure growth and
fleet increases have not always been matched by proportional investments in weather-
resilient safety strategies, which is a key issue for the sustainable development of the
transport system.

Incorporating weather-responsive speed management, resilient pavement and
drainage design, improved signage visibility, and real-time meteorological information
into traffic operations is essential, particularly in high-demand states, while ensuring safe
trafficability remains a priority in regions where rainfall restricts circulation. Future stud-
ies should include direct measures of traffic exposure, infrastructure quality, and rainfall
intensity to advance causal analyses and more targeted climate-resilient road-safety poli-
cies.
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