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ABSTRACT 

Cities do not perform assertive water resources’ management, mainly due to lack of hydrological 

studies in the literature. Volta Redonda City fits this context, since it experiences several extreme 

rainfall events. The aims of the current study are to present estimates for evapotranspiration, 

water shortage and percolation, to address critical water-availability months and to feature the 

climate in the investigated region, based on the water balance method by Thornthwaite and 

Mather. Meteorological data recorded between 2001 and 2021, provided by the National Water 

and Basic Sanitation Agency and by the State Environmental Institute, were used to analyze 

water availability in the investigated city. Volta Redonda presented actual evapotranspiration 

equal to 90.6 mm month-1; water deficit equal to 13.0 mm month-1 and water surplus equal to 

22.8 mm month-1. Climate in the region is humid; it presents small water shortage throughout the 

year and critical water availability from March to October. These months require greater attention 

in water management processes due to high deficit values recorded for water balance. Results in 

the current study are pioneering, since they present the analysis of meteorological data previously 

used for air quality control, only. Volta Redonda needs assertive water management, since it 

recorded higher water deficits than surpluses in 13 of the 20 analyzed years.  

 

Keywords: drought, rainfall events, Paraíba do Sul River, extreme events, southern Rio de 

Janeiro. 

 

RESUMO 

As cidades não realizam uma gestão assertiva dos recursos hídricos, principalmente devido à 

falta de estudos hidrológicos na literatura. A cidade de Volta Redonda se encaixa nesse contexto, 

já que vive diversos eventos pluviométricos extremos. Os objetivos do presente estudo são 

apresentar estimativas de evapotranspiração, escassez de água e percolação, abordar meses 
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críticos de disponibilidade de água e caracterizar o clima na região investigada, com base no 

método de balanço hídrico por Thornthwaite e Mather. Dados meteorológicos registrados entre 

2001 e 2021, fornecidos pela Agência Nacional de Água e Saneamento Básico e pelo Instituto 

Estadual do Ambiente, foram utilizados para analisar a disponibilidade de água na cidade 

investigada. Volta Redonda apresentou evapotranspiração real igual a 90,6 mm mês-1; déficit 

hídrico igual a 13,0 mm mês-1 e excedente hídrico igual a 22,8 mm mês-1. O clima na região é 

úmido; apresenta pequena escassez de água ao longo do ano e disponibilidade crítica de água de 

março a outubro. Estes meses exigem uma maior atenção nos processos de gestão da água devido 

aos elevados valores de défice registrados no balanço hídrico. Os resultados do presente estudo 

são pioneiros, pois apresentam a análise de dados meteorológicos usados anteriormente apenas 

para controle da qualidade do ar. Volta Redonda precisa de uma gestão assertiva da água, já que 

registrou déficits hídricos superiores aos superávits em 13 dos 20 anos analisados. 

 

Palavras-chave: seca, eventos pluviométricos, Rio Paraíba do Sul, eventos extremos, sul do Rio 

de Janeiro. 

 

 

1 INTRODUCTION 

Extreme rainfall events are observed and reported on a daily basis, in different cities, both 

in Brazil and abroad. Floods and droughts happen every year; these extreme events are, 

oftentimes, not properly measured and it impairs the implementation of assertive water resources’ 

management (CAMPOS et al. 2021; PIMENTEL & TEIXEIRA, 2023 

Water resources’ management lies on planning rational water use by agriculture, industry, 

commerce and people. However, it is worth emphasizing that such a water-use planning must 

take into account extreme minimum rainfall events, i.e., drought periods (ABATAN et al. 2022; 

TODOTE et al. 2021). 

Drought takes place in months accounting for low air humidity rates. Low water content 

in the soil features agricultural drought, low water levels in reservoirs feature hydrological 

drought, whereas low incidence of rainfall events features meteorological drought (RAPOSO et 

al. 2023). 

Volta Redonda, which is located in Southern Rio de Janeiro State, is one of the most 

populous cities in the whole state. It is part of Middle Paraíba do Sul hydrographic basin, besides 

composing the country’s main road axis. In addition, it hosts the largest steel company in the 

country, as well as preserved fragments of the Atlantic Forest biome (SANTOS & DUARTE, 

2023). 
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Water supplied to Volta Redonda City fully derives from Paraíba do Sul River; 

consequently, the entire city depends on the perennity of this river, as well as its normal surface 

and subsurface drainage processes, to ensure its full water supply. However, Volta Redonda often 

registers extreme minimum rainfall events, on a yearly basis, and it leads to decreased water 

supply frequency and lower water levels in Paraíba do Sul River. 

The oldest rain gauge operating in Volta Redonda belongs to the National Water and 

Basic Sanitation Agency (also known as ANA); it has been monitoring rainfall events in the city 

since 1944. Air temperature in Volta Redonda has been monitored by meteorological stations 

belonging to the State Institute of the Environment (also known as INEA) since 2001. However, 

Volta Redonda rainfall and thermal data were not yet jointly analyzed to help better 

understanding water availability in the city, based on data collected in situ and on scientific 

research (PAULA & OLIVEIRA, 2021; PIMENTEL & TEIXEIRA, 2023). 

Given the incidence of drought events, it is necessary monitoring rainfall events taking 

place in cities, along with air temperature, to enable estimating evapotranspiration, as well as 

water shortage and percolation in the soil. It must be done to help  better understanding water 

availability in the investigated city all year long, as well as to propose assertive solutions for 

water management processes to be implemented in it (ABREU & HERNANDEZ, 2021; 

AUMASSANE & GASPARI, 2023). 

If one takes rainfall as the only water source, the first water-use priority lies on 

evapotranspiration, whereas the second priority lies on water storage in the soil. Once plants’ 

water demands and soil’s storage capacity are met, if there is still water available, this water layer 

is percolated. Therefore, water availability in the soil can be estimated on a monthly basis, based 

on the Climatic Water Balance proposed by Thornthwaite and Mather (1955) (TODOTE et al. 

2021; MOURA et al. 2023). 

The aims of the current study were to present estimates for evapotranspiration, water 

shortage and percolation, to address critical water-availability months and to feature climate in 

the investigated region, based on the water balance method by Thornthwaite and Mather. 
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2 MATERIALS AND METHODS 

2.1 METEOROLOGICAL DATA 

Volta Redonda’s rainfall and thermal data recorded from 2001 to 2021 were herein 

analyzed. The aforementioned data are available at HidroWeb portal, which belongs to the 

National Water and Basic Sanitation Agency (ANA), and at the Air Quality and Meteorology 

Database of the State Institute of the Environment (INEA), respectively. 

 

2.2 WATER BALANCE 

Annual thermal index was calculated based on mean monthly air temperatures. This index 

was used to estimate the potential monthly evapotranspiration rate in Volta Redonda, from 2000 

to 2021, through Equations 1, 2, 3 and 4 (MARIN, 2021). 
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Wherein: 

 

I = annual thermal index, dimensionless; 

it  = monthly thermal index, dimensionless; 

Ti = monthly temperature, °C; 

ETp = potential evapotranspiration, mm month-1; 

a  = meteorological constant, dimensionless; and 

q  = correction factor, dimensionless. 

 

Correction factor (q) was estimated based on Earth:Sun ratio, by taking Volta Redonda’s 

latitude as 22.5° S, through Equations 5, 6, 7 and 8 (PEREIRA et al. 2002). 
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Wherein: 

 

q = correction factor, dimensionless; 

ni = number of days in the month, dimensionless; 

Ni = mean length of the day in the month, hours; 

H = sunrise hour angle, degrees; 

θ = latitude, degrees; 

δ = solar declination, degrees; and 

Dj = day of the year, dimensionless. 

 

Water storage in the soil in Volta Redonda City was estimated by setting its available 

water capacity (CAD) at 100 mm, based on Equations 9, 10 and 11 (PEREIRA et al. 2002). 
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Wherein: 

 

ARMi = monthly water storage in the soil, mm; 

CAD = available water capacity, mm; 
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NegAci = monthly accumulated negative value, mm; 

ALTi = monthly change in soil water, mm; and 

ARMi-1 = soil water storage in the previous month, mm; 

 

Actual evapotranspiration was estimated based on the following data: monthly rainfall 

rate, monthly soil-water change and monthly potential evapotranspiration (Equations 12 and 13). 

Monthly water shortage was calculated based on monthly values recorded for potential and actual 

evapotranspiration (Equation 14). Water surplus was calculated based on both rainfall rate and 

potential evapotranspiration (Equations 15 and 16) (PEREIRA et al. 2002). 

 

ii
ETpETr =    if (Pi-ETpi) ≥ 0     (12) 

 

iii
ALTPETr +=   if (Pi-ETpi) < 0     (13) 

 

iii
ETrETpDEF −=         (14) 

 

iii
ETpPEXC −=   if (Pi-ETpi) ≥ 0     (15) 

 

0=
i

EXC    if (Pi-ETpi) < 0     (16) 

 

Wherein: 

 

ETri = actual evapotranspiration, mm month-1; 

ETpi = potential evapotranspiration, mm month-1; 

Pi = rainfall, mm month-1; 

ALTi = change in soil water, mm month-1; 

DEFi = water shortage, mm month-1; and 

EXCi = water surplus; mm month-1. 

 

Estimates of water input and output in water balance were confirmed through Equations 

17, 18, 19 and 20 (ROLIM et al. 1998; MARIN, 2021). 

 

 = 0ALT           (17) 
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( )   −+= ETpPETpP        (18) 

 

  += DEFETrETp         (19) 

 

  += EXCETrP         (20) 

 

Wherein: 

 

ALT = annual change in soil water, mm; 

P = annual rainfall, mm; 

ETp = annual potential evapotranspiration, mm; 

ETr = actual annual evapotranspiration, mm; 

DEF = annual water shortage, mm; and 

EXC = annual water surplus, mm. 

 

2.3 CLIMATE CLASSIFICATION 

Climate in Volta Redonda City was featured according to Thornthwaite’s methodology, 

based on using annual values recorded for potential evapotranspiration, as well as for water 

surplus and shortage (Equations 21, 22 and 23) (TODOTE et al. 2021). 
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Wherein: 

 

Ih = water index, dimensionless; 

EXC = annual water surplus, mm; 

ETp = annual potential evapotranspiration, mm; 

Ia = aridity index, dimensionless; 

DEF = annual water shortage, mm; and 

Iu = humidity index, dimensionless. 
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3 RESULTS AND DISCUSSION 

According to the water balance, Volta Redonda presents high water availability from the 

second half of October to late January, when high flood frequency is often recorded in it. Closer 

attention must be paid to drainage systems’ maintenance at this time of the year (Figures 1, 2 and 

3) (SANTOS & DUARTE, 2021; PIMENTEL & TEIXEIRA, 2023). 

February was Volta Redonda’s water balance threshold, since this is the time when the 

city presented significant decrease in rainfall rates in comparison to January. This factor 

emphasizes the water shortage that starts in March (Figures 2 and 3). This result was also 

observed by Silva Júnior et al. (2018), who analyzed rainfall data from Northwestern São Paulo 

State to help better understanding the critical agricultural months in Ilha Solteira region – SP. 

 

Figure 1 – Water availability, Volta Redonda-RJ, Brazil, 2001-2021 

 
Source: Authors 
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Figure 2 – Water Balance by Thornthwaite and Mather (1955), Volta Redonda-RJ, Brazil, 2001-2021 

 
Source: Authors 

 

Figure 3 – Rainfall and air temperature data, Volta Redonda-RJ, Brazil, 2001-2021 

 
Source: Authors 
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Based on the herein presented water balance results, it is possible stating that Volta 

Redonda has a drought period. Thus, the present water balance can be used to establish water 

management strategies aimed at water safety (BARROS et al. 2021; PIMENTEL & TEIXEIRA, 

2023). 

Results have shown that 2007, 2011, 2014 and 2021 were the driest years in Volta 

Redonda, a fact that can be explained by the El Ninõ in 2007, 2011 and 2021, as well as by the 

2014 meteorological drought that affected the entire Brazilian Southeastern region (COSTA et 

al, 2018; CUNHA et al. 2019). 

According to Formiga et al. (2015), the 2014 water crisis observed in Paraíba do Sul River 

basin has warned water resources’ management bureaus about the need of continuously 

monitoring water resources, mainly the rainfall events, since Southern Rio de Janeiro State, the 

Metropolitan Region of Rio de Janeiro and Northern Rio de Janeiro State depend on this 

watershed, which is shared with two other states, namely: São Paulo and Minas Gerais. 

Because rainfall is considered the only water input in the biosystem analyzed in the 

present water balance, monitoring rainfall incidence through rain gauges helps better 

understanding water availability for evapotranspiration purposes or the prevalence of latent heat 

flow in the environment to decrease water and to favor further rainfall formation (ROCHA et al, 

2022). 

Water storage in the soil is the second water balance priority. Volta Redonda should adopt 

rational and conservationist soil-use strategies to enable increasing water storage in it and to 

ensure the conservation of green areas near both Paraíba do Sul River and their respective 

tributaries, because vegetation contributes to rainfall formation, besides improving water storage 

capacity (ALVES et al, 2020). 

The incidence of drought events in Volta Redonda can be confirmed through aridity (Ia = 

14.9) and humidity (Iu = 21.2) indices established in the climate classification by Thornthwaite. 

Thirteen (13) of the 20 years analyzed in the current study recorded higher water shortage (in 

module) than water surplus values (Figure 4). 
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Figure 4 – Climate Classification by Thornthwaite, Volta Redonda-RJ, Brazil, 2001-2021 

 
Source: Authors 

 

Based on the analyzed aridity and humidity rates, climate in Volta Redonda is classified 

as humid, with small water shortage over the year. Vassouras and Piraí, which are municipalities 

close to Volta Redonda, had their rainfall and thermal data analyzed by Sentelhas et al (2016) 

and received the same climate classification as Volta Redonda (Table 4). 

 

Table 1 – Climate classification by TH, Volta Redonda – RJ, Brazil, 2001-2021 

  Volta Redonda Piraí* Vassouras* 

water index (Ih) 30.3 35.1 35.4 

aridity index (Ia) 14.9 1.5 4.3 

humidity index (Iu) 21.2 34.2 32.8 

Source: *Sentelhas et al. (2016) 
 

Although Volta Redonda, Vassouras and Piraí share the same watershed, they differ from 

each other in area and land use. Volta Redonda accounts for the smallest area and the largest soil 

waterproofing due to the extent of its urban perimeter. On the other hand, Vassouras and Piraí 

present urban perimeter smaller than that of Volta Redonda, but they account for large and 
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preserved Atlantic Forest areas and their soil is mainly used for livestock, fruit growing and 

olericulture purposes. Based on this information, it is possible understanding differences 

recorded for aridity, evapotranspiration and water shortage index values in these municipalities 

(Tables 1 and 2). 

 

Table 2 – Water availability in Middle Paraíba do Sul. 

  Volta Redonda Piraí* Vassouras* 

Air temperature (°C) 22.9 20.9 20.8 

W
at

er
 

av
ai

la
b

il
it

y
 (

m
m

) 

Rainfall events 113.4 110.3 107.0 

Potential evapotranspiration 104.1 82.5 81.6 

Actual evapotranspiration 90.6 81.3 78.1 

Water shortage 13.0 1.2 3.5 

Water surplus 22.8 29.0 28.9 

Source: *Sentelhas et al. (2016) 

 

Volta Redonda recorded higher evapotranspiration values because its air is drier than that 

of Piraí and Vassouras, due to its small green area (forests, afforestation and agricultural fields); 

this effect is known as heat island. The drier air in Volta Redonda enhances plants’ perspiration 

and the evaporation of water available in water bodies (PEREIRA et al. 1997). 

Unlike Piraí and Vassouras, which have extensive green areas, much of Paraíba do Sul 

riverbed and their respective tributaries in Volta Redonda do not present riparian forests. 

Consequently, wind actions enhance water evaporation in Volta Redonda’s water bodies, and it 

leads to higher evapotranspiration and water shortage values (FERNANDES et al. 2015). 

Results in the current study are pioneering, since they refer to the analysis applied to data 

provided by meteorological stations that have only focused on  monitoring air quality, so far. The 

present research emphasizes that Volta Redonda should implement assertive water resources’ 

management strategies, given the high incidence of drought events observed in it, in the last 20 

years, and its annual water shortage. 

 

4 CONCLUSION 

Volta Redonda experienced actual evapotranspiration equal to 90.6 mm month-1, water 

shortage equal to 13.0 mm month-1 and water surplus equal to 22.8 mm month-1, from 2001 to 

2021. 
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According to the climate classification by Thornthwaite, climate in Volta Redonda is 

humid and presents small water shortage throughout the year. 

Water availability in Volta Redonda reaches critical levels from March to October, when 

closer attention should be given to water management in this municipality, due to high water 

shortage values observed in its water balance. 
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