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Índice de satisfação da necessidade de água para a cultura
do Coffea canephora na Amazônia Ocidental

Jefferson V. José2* , Lívia B. Pereira3 , Moisés D. Souza4 ,
Kelly N. Leite2 , Otávio N. A. Santos5  & Lucas C. Santos6

ABSTRACT: Water balance is a tool that has various applications in agriculture, including assessing whether an 
environment is suitable for growing a specific crop by providing information on how water resources function in the 
system. This information is essential for determining whether the available water satisfies the crop’s demand. Thus, 
the objective of this work was to calculate the water balance of Typic Hapludults for growing coffee (Coffea canephora) 
crops in Cruzeiro do Sul, Acre, Brazil, using a 36-year historical series to assess the potential and limitation of the 
crop according to the water availability. The results showed that coffee crops are, in general, suitable for growing in the 
study region. Water deficit and water surplus periods are well-defined, from April to August and September to March, 
respectively. Flowering was the only stage of coffee crops that coincides with the water deficit period in the region; thus, 
irrigation is necessary to prevent compromising this stage and fruit development. The Water Requirement Satisfaction 
Index (WRSI), calculated on a monthly basis, indicates a low climate risk for coffee crops in the region. However, when 
calculated on a daily basis, the WRSI shows a medium to high climate risk for coffee crops in several periods. The WRSI 
proved to be an adequate tool for assisting in decision-making regarding the adoption of irrigation.
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RESUMO: O balanço hídrico é uma ferramenta com diversas aplicações na agricultura, incluindo a avaliação da adequação 
de um ambiente para o cultivo de uma determinada cultura, através da compreensão de como os recursos hídricos operam 
no sistema. Esta informação é vital para determinar se a água disponível satisfaz a necessidade da cultura. Assim, objetivou-
se calcular o balanço hídrico em um Argissolo Vermelho-Amarelo para o cultivo de Coffea canephora no município de 
Cruzeiro do Sul, Acre, utilizando uma série histórica de 36 anos para avaliar o potencial e as restrições da cultura de 
acordo com a água disponível. Os resultados mostraram que, de forma geral, o cultivo de Coffea canephora é adequado 
para a região de estudo. Os períodos de déficit hídrico e de excesso de água são bem definidos, ocorrendo de abril a agosto 
e de setembro a março, respectivamente. Verificou-se que apenas a fase de floração do cafeeiro coincide com o período 
de déficit hídrico na região, exigindo assim irrigação para evitar comprometer essa etapa do desenvolvimento do fruto. 
Em relação ao Indice de Satisfação da Necessidade de Água (ISNA), observou-se que, quando calculado em uma escala 
mensal, indica baixo risco climático para o cultivo de Coffea canephora na região. No entanto, quando calculado em uma 
escala diária, o ISNA indica risco climático médio a alto para o cultivo durante vários períodos. O ISNA mostrou ser uma 
ferramenta adequada para a tomada de decisão quanto à adoção de técnicas de irrigação.

Palavras-chave: disponibilidade hídrica, irrigação, uso de água da cultura

HIGHLIGHTS:
Air temperature was the only climate variable restrictive to coffee crops.
Water Requirement Satisfaction Index is more efficient in quantifying climate risk than monthly data.
The region has water limitation only during the coffee flowering stage.

1 Research developed at Universidade Federal do Acre, Cruzeiro do Sul, AC, Brazil
2 Universidade Federal do Acre, Cruzeiro do Sul, AC, Brazil
3 Instituto Agronômico, Campinas, SP, Brazil
4 Universidade do Estado do Mato Grosso, Tangará da Serra, MT, Brazil
5 Universidade Estadual do Sudoeste da Bahia, Vitória da Conquista, BA, Brazil
6 Universidade Federal dos Vales do Jequitinhonha e Mucuri, Diamantina, MG, Brazil

Original Article

http://dx.doi.org/10.1590/1807-1929/agriambi.v29n1e281191
http://www.agriambi.com.br
http://www.scielo.br/rbeaa
https://orcid.org/0000-0003-1384-0888
https://orcid.org/0000-0003-0915-8501
https://orcid.org/0000-0002-7019-6497
https://orcid.org/0000-0003-1919-9745
https://orcid.org/0000-0003-1374-6867
https://orcid.org/0000-0001-6882-8929


Jefferson V. José et al.2/7

Rev. Bras. Eng. Agríc. Ambiental, v.29, n.1, e281191, 2025.

Introduction

Brazil is the largest coffee-growing country in the word, 
with the highest production and export (Volsi et al., 2019). 
The area grown with coffee in Brazil (Coffea arabica and Coffea 
canephora) was estimated in 2.25 million hectares in 2024, 
421,960 hectares of this area with C. canephora. Acre is the 
second-largest coffee producing state in the North region of 
Brazil, reaching an annual production of 2,858 Mg and 993 
ha grown with C. canephora in 2023 (CONAB, 2024). The 
suitability of the state of Acre for C. canephora crops is due to 
its favorable agroclimatic characteristics for the development 
and harvest of this species compared to Coffea arabica. 

Estimates of climate variables have become important 
for planning and management of water resources in the 
state of Acre. Specifically for coffee crops, these estimates 
provide information about water requirement of certain 
areas and is a base for delimitation and identification of 
places with greater potential for this crop, which is relevant 
in the producers’ decision making and generate higher 
agricultural efficiency. According to Pezzopane et al. (2010), 
studies on climate variables can determine the more suitable 
areas for coffee crops in a region. The Water Requirement 
Satisfaction Index (WRSI) is one of the key tools for describing 
agroclimatic characteristics and has been utilized in various 
agrometeorological studies, including Masupha & Moeletsi 
(2020), Boult et al. (2020), and Turner et al. (2022). WRSI is 
determined by the relationship between real evapotranspiration 
and reference evapotranspiration. This index is determined 
based on assessing the climatic water balance. 

Focusing in supporting the expansion of coffee crops 
and contributing to reducing the gap in agronomic scientific 
research in the state of Acre, the objective of this work was to 
calculate the water balance of Typic Hapludults for growing 
coffee (Coffea canephora) crops in Cruzeiro do Sul, Acre, 
Brazil, using a 36-year historical series to assess the potential 
and limitation of the crop according to the water availability.

Material and Methods

The study area was the region of Cruzeiro do Sul, which is 
located in the Alto Juruá Hydrographic Basin, western state 
of Acre, Brazil (-7.61 S and -72.68 W, and altitude of 220 m).

The predominant climate in the region is Af, tropical 
without a well-defined dry season, according to the Köppen 
& Geiger classification (Alvares et al., 2013). The driest period 

in Cruzeiro do Sul lasts only three months (June, July, and 
August), and the rainy season begins in September. The mean 
annual temperature is 25.86 °C, with maximum of 32.7 °C and 
minimums above 21 °C (Sousa, 2020).

The dataset used in this research was from the conventional 
meteorological station installed in Cruzeiro do Sul, which 
belongs to the Brazilian National Institute of Meteorology 
(INMET; http://www.inmet.gov.br/portal). A 36-year historical 
series (1980 to 2016) was evaluated. Some data were missing 
due to record failures, as it is a relatively extensive series 
(Table 1).

The missing data of solar radiation were estimated using 
the Angstrom-Prescot and Bristow-Campbell methodologies, 
using data of radiation and daily temperature amplitude. Gaps 
due to missing data of the other variables were filled using 
the HidroWeb database of the Brazilian National System of 
Information on Water Resources; the Brazilian National Water 
Agency and Basic Sanitation database; the automatic station of 
the INMET in Cruzeiro do Sul; the ERA5 Daily satellite of the 
Google Earth Engine satellite catalog; the database developed 
by Xavier et al. (2015); and the Kalman filter.

The meteorological variables evaluated were: temperature 
(mean, maximum, and minimum), mean relative air 
humidity, insolation, solar radiation, wind speed, rainfall 
depth, and reference evapotranspiration (ETo). The Penman-
Monteith-FAO method was used to estimate the reference 
evapotranspiration.

Crop evapotranspiration (ETc) was calculated by the 
product between crop coefficient (Kc) and ETo. The Kc values 
used for the coffee crops were 0.89, 1.05, and 0.89 for the initial, 
intermediate, and final stages, respectively, as recommended 
by Costa et al. (2019).

The easily available water of 75.84 mm was determined 
based on the available water value (1.58 mm cm-1) provided 
by EMBRAPA (2020). The root system depth (Zr) adopted 
for the coffee crops was 80 cm, and the soil water availability 
factor (f) was 0.6. The soil used to represent the region was 
Typic Hapludult (USDA, 2014).

Daily ETc, rainfall depth, and easily available water were 
used to elaborate the sequential and normal climatic water 
balance (1980 to 2016) by the Thornthwaite & Mather method, 
which provided the real evapotranspiration (ETr), water 
deficiency, water surplus, and soil water storage.

Daily and monthly WRSI were determined considering the 
relationship between ETr and ETc. Values of 0.65 to 1 indicate 

Total number of data - 108120; Total number of missing data - 32848; Xavier - Xavier et al. (2015); Satellite - Satellite ERA5 Daily; Auto - Cruzeiro do Sul automatic station (A108); 
BC - Bristow-Campbell; Angs - Angstron-Prescot; Hidroweb - http://www.snirh.gov.br/hidroweb/; Kalman - Kalman filter

Table 1. Meteorological data from the conventional meteorological station of the Brazilian National Institute of Meteorology 
(INMET) in Cruzeiro do Sul, of Cruzeiro do Sul, Acre, Brazil, and data added to fill gaps due to missing data.

http://www.snirh.gov.br/hidroweb/
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low climate risk, 0.45 to 0.65 indicate medium climate risk, 
and values lower than 0.45 indicate high climate risk for coffee 
(Coffea canephora) crops in the region of Cruzeiro do Sul, Acre, 
Brazil (Bergo & Bardales et al., 2018).

The data were processed using the program R Statistical® 
to calculate the water balance. ETo was estimate using the 
program REF-ET.

Results and Discussion

The mean annual rainfall depth in Cruzeiro do Sul, 
Acre, Brazil, was 2,152.6 mm. The highest annual rainfall 

depth was found for 1989, with 2749.6 mm, and the 
lowest was found for 1985, with 1591.8 mm. According 
to González et al. (2015), a rainfall depth range of 1200 
to 1800 mm is favorable for coffee (Coffea canephora) 
crops, as it is associated with higher yields. The maximum 
monthly rainfall depth was found for September 1990, 
492.8 mm, and the minimum for June 2012, 3.3 mm. Mean 
monthly rainfall depth was 179.9 mm (Figure 1A). The 
boxplot shown in Figure 2A, clearly illustrates that rainfall 
depths considerably decrease between April and July and 
subsequently increase in August. The results indicate that 
the rainy season spans from September to March. January 

Figure 1. Monthly rainfall depth (A), reference evapotranspiration (B), and air temperature (C) from 1980 to 2016 in Cruzeiro 
do Sul, Acre, Brazil

A.

B.

C.
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and October exhibited the most significant variability in 
rainfall depths (Figure 1A).

The mean daily reference evapotranspiration was 3.09 mm, 
and the mean monthly reference evapotranspiration was 93.96 
mm. The mean annual evapotranspiration was 1134.7 mm, 
with the highest value recorded in 1990 (1463.47 mm) and the 
lowest in 1983 (842.16 mm). The highest evapotranspiration 
rates were found between 1987 and 1992, and from 2005 to 
2015. Evapotranspiration rates in 1990 were particularly high 
throughout the year. The evapotranspiration index increased 
from July to December during the period from 2005 to 2015 
(Figure 1B).

The mean annual air temperature in Cruzeiro do Sul was 
25.6 °C, ranging from 25 to 26 °C (Figure 1C). The highest 
annual temperature was 26.5 °C, in 1998, and the lowest 23.9 
°C, in 1987. Temperatures ranged from 22.7 to 25.5 °C during 
the period from 1984 to 1987. According to Kath et al. (2019), 
temperatures above 20.5 °C and below 25.1 °C is suitable coffee 
crops. The annual mean temperature exceeded 25.1 °C in 89.1% 
of the analyzed period and, on average, 43% of the analyzed 
days had temperatures above 26 °C.

In the 36-year historical series, water deficits and surpluses 
were evenly distributed across the years. The longest water 
deficit periods occurred in 2010-2011 and 2012-2013; 2012 
had the highest water deficit (285.82 mm). The most significant 
water surplus periods occurred in 2000-2001 and 2013-2014.

Daily soil water storage remained relatively constant, but 
decreased from late April to late July. From August onwards, 
water storage began to rise, reaching maximum capacity and 
stabilizing again. This decrease in storage coincides with 
reduced rainfall depths and increased evapotranspiration. 
Rainfall depths and evapotranspiration started to increase 
again at late August. Under normal climate conditions, the 
first rains of the season usually occur in August or September, 
triggering the flowering of coffee plants. In this case, rainfall 
depths begin to normalize in August, indicating that the coffee 
flowering would not be affected. 

Figure 2C shows that water deficits occurred from April 
to August, starting in 1985, and did not occur in any month 
of 2016. The monthly boxplot (Figure 2D) also shows that 
the period of greatest water deficit exhibits higher variability 
in May, June, and July. Additionally, the soil water deficit 

Figure 2. Monthly and annual soil water deficit from 1980 to 2016 in Typic Hapludults for coffee crops in Cruzeiro do Sul, 
Acre, Brazil

A.

B. C. D.

E. F. G.
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starts in April, and the period of water surplus begins in mid-
September. Bergo & Bardales (2018) reported that the main 
coffee flowering phase occurs 5 to 8 days after a rainfall of 5 
mm to 15 mm, between late July and early August. This time 
interval coincides with the period of water deficit in the region.

The annual water deficit exceeded 200 mm in seven years, 
with the highest peak in 2012 (285.92 mm) (Figure 2E). Water 
deficits above 200 mm are considered marginal in terms of 
water suitability for coffee crops, according to Martins et al. 
(2018).

During the water deficit period, mean annual air 
temperatures ranged from 25 °C, reaching 26 °C in August, 
when soil moisture begins to increase again. Contrastingly, 
water surplus period was found under mean annual air 
temperatures between 26.1 and 27.1 °C. According to Bergo 
& Bardales (2018), temperatures exceeding 26 °C, combined 
with drought periods, during coffee flowering can lead to 
abortion of flowers and formation of sterile flowers, reducing 
crop productivity. 

During the dry season, water deficit can lead to partial 
or total closure of stomata throughout the day, reducing 
stomatal conductance and internal CO2 concentration, thus 
compromising the photosynthetic rate (Custodio et al., 
2022). These effects are worse when high air temperatures 
coincide with low water availability, causing stomatal closure, 
significantly reducing photosynthesis rates, growth, and coffee 
yield (Ronchi & Da Matta, 2007). According to Adhikari et al. 

(2020), Robusta coffee is sensitive to the dry seasons exceeding 
3 to 4 months due to high evapotranspiration. Furthermore, 
coffee has been classified as a plant species highly sensitive to 
climate changes that occur over time (Da Matta et al., 2019), 
and the sensitivity of this species to climate variables changes, 
depending on the phenological stage of the plant (Koh et al., 
2020).

According to Navarro-Serrano et al. (2020), the spatial 
distribution of air temperature is controlled by altitude; in 
this sense, Kath et al. (2020) highlights that there are currently 
no estimates of ideal minimum and maximum temperatures 
for the flowering and growth stages of C. canephora. Kath et 
al. (2020) focused on determining the ideal temperature for 
coffee (C. canephora) crops and found that this species is more 
sensitive to temperature than previously thought, highlighting 
that its productive potential can considerably decrease as 
temperatures increase due to climate change.

Sousa & Oliveira (2018) assessed the temperature and water 
suitability for coffee (C. canephora) crops in Cruzeiro do Sul 
and found little climate risk for non-irrigated crops. Therefore, 
air temperature alone is not a restrictive factor for coffee (C. 
canephora) crops in Cruzeiro do Sul; however, when combined 
with other unfavorable variables, it becomes a limiting factor, 
necessitating some actions to make this crop viable.

According to the monthly Water Requirement Satisfaction 
Index (WRSI), there was a low climate risk (> 0.65) for coffee 
crops (1980 to 2016) (Figure 3A). Bergo’s & Bardales (2018) 

Zr – Depth of the root system; EWA – Easily available water; f – Available factor

Figure 3. Monthly (A) and daily (B) water requirement satisfaction index (WRSI) for coffee crops in Typic Hapludults in 
Cruzeiro do Sul, Acre, Brazil, from 1980 to 2016

A.

B.
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found mean monthly WRSI between 0.85 and 1.00 for the 
flowering stage of coffee crops grown under the climate 
conditions of Cruzeiro do Sul (1950 to 2000).

Daily WRSI showed reveal multiple peaks, meaning a 
medium to high risk of climatic limitations for coffee crops, 
mainly when the WRSI falls below 0.45 (Figure 3B). This 
situation occurred 834 times within the historical series, 
representing 6.17% of the total data. Consequently, coffee crops 
might have faced water limitations in several years, potentially 
compromising yields. Monthly WRSI calculations may hide 
actual fluctuations, emphasizing the necessity of daily analysis.

The rest and senescence stages of coffee branches in May 
and June are not critical for the crop. No water limitations 
occur during the expansion and fruit formation (October-
January) and fruit ripening stages (February-April), as shown 
by the low and medium WRSI, respectively. Ronchi & Damatta 
(2007) reported that water deficit affects coffee crops during 
two reproductive stages: flowering and fruit formation. 
Greater vigor, growth, and yield of coffee plants are expected 
in irrigated cropping systems compared to rainfed cropping 
systems (Byrareddy et al., 2020). Considering the phenology 
of coffee plants, a period of water stress after each irrigation 
helps to break the dormancy of floral buds, triggering flowering 
uniformly and initiating fruit development, which is crucial 
for achieving high yields (Amarasinghe et al., 2015). Thus, 
irrigation is only necessary during the flowering stage for an 
optimal plant development, since the fruit formation stage 
does not coincide with water limitations.

Conclusions

1. The climate conditions of Cruzeiro do Sul, Acre, Brazil, 
revealed water and temperature suitability for coffee (Coffea 
canephora) crops.

2. Soil water storage decreases from late April to late July. 
From August onwards, water storage begins to increase again, 
reaching maximum capacity and stabilizing.

3. Although complementary irrigation is recommended 
for coffee crops in Cruzeiro do Sul, the water balance drawn 
from the series of meteorological data showed that the water 
deficit is temporary and, thus, this crop can be grown without 
irrigation, as long as the coffee plants have some tolerance to 
water deficit. 

4. The Water Requirement Satisfaction Index proved to be 
an adequate tool for decision-making regarding the adoption 
of irrigation techniques.
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