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Abstract 
The probabilities of workable days (WD), as well as probability of having a given sequence of days for sugarcane 
mechanized harvest in Southern Brazil is a very useful information for planning of such operation. Thus, the aim of 
this study was to determine the simple and conditional probabilities of WD for the abovementioned field operation 
in the State of São Paulo, Brazil, by means of the Markov Chain, to define the probabilities of sequences of WD. 
The number of WD (NWD) was determined for 32 years for ten sites using as criteria soil water holding capacity 
of 40 mm, rainfall ≤ 3 mm and relative soil water storage ≤ 90%. Based on NWD dataset, the simple probabilities 
of WD and non-workable (NW) days, as well as the conditional probabilities were determined. Finally, the 
probability of sequences of WD per ten-day period was obtained by the Markov chain. The results showed that 
Western, Northwestern and Northern, on average, were more likely to have WD compared to Southern and Eastern 
regions of the state. In addition, the most likely periods of WD were between April and September, being the first 
ten-day period of July the one with the highest possible probability (≥ 90%). The probability of having a workable 
day given that the previous day was workable always remained at a minimum of roughly 50% along with a 
maximum close to 90% at all assessed sites. Finally, the probability of a sequence of eight or more WD per ten-day 
period was always below 40% along the year, showing that is difficult to have such a long period available for 
planning sugarcane mechanized harvest in the assessed locations. Therefore, we recommend that fleets sizing 
should be defined as a function of NWD in conjunction with the probability of the sequence of WD at a given 
ten-day period.  

Keywords: Harvest planning, rainfall, simple and conditional probabilities, trafficability  

1. Introduction 
Field agricultural operations are highly dependent on local meteorological conditions along with soil moisture, 
which define whether a given operation might be adopted or not at a given specific-site (Monteiro et al., 2014). 
One of the ways of determining the probability of the sequence of suitable days for a particular field operation 
based on weather conditions is by means of a method known as Markov chain (Mandal et al., 2015; 
Sanchez-Cohen et al., 2015; Manikandan et al., 2017; Griffin et al., 2017). According to Bonini (2004), Markov 
chain considers a basic principle that the probability of a given day to depict a particular status depends on the 
status of the previous day. This might be applied to situations that are governed by the rainfall regime as a 
conditioning variable, since its occurrence at a given day will impinge upon soil water conditions for several days 
(Cadena-Zapata et al., 2002; Obour et al., 2017).  

In most of the studies reported in the literature, first and second order Markov chains have been largely used all 
over the world (Griffin et al., 2017). Nevertheless, the use of Markov chains of an order greater than two is of a 
great importance because at certain specific-sites occurrences of rainfall at one day might be conditionally 
dependent on the sequence of dry and rainy days throughout several previous days (Sonnadara & Jayewardene, 
2015; Yang et al., 2016; Carvalho et al., 2017). This might happen, for instance, in regions where at certain stages 
of the crop growing season occurrences of a large number of consecutive days with rainfall or a long series of dry 
days are frequent (Keller Filho et al., 2006).  
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In pioneer researches, Gabriel and Neumann (1962), and Weiss (1964) made use of homogeneous Markov chains 
to describe the high persistence of consecutive dry days in Israel and United States, respectively. Another pivotal 
work was the one published by Stern and Coe (1982), which proposed a simulation model for daily precipitation 
based on the occurrence of rainfall generated from Markov chain, as well as on the amount of rainfall generated by 
a gamma distribution approach. In the sequence, several authors have been using the Markov chain approach for 
different purposes in hydrology (Yang et al., 2016; Sonnadara & Jayewardene, 2015) and precision agriculture 
(Monteiro et al., 2014; Sanchez-Cohen et al., 2015; Mandal et al., 2015; Manikandan et al., 2017; Griffin et al., 
2017). 

With regards to the usage of Markov chain to assess the probabilities of suitable days for field work with 
agricultural machinery at a given site, Ataíde et al. (2012) observed that this approach was efficient and conducive 
to consistent results for such a purpose. Monteiro et al. (2014), researching the number of workable days for the 
soil management as a function of rainfall regime along with soil water availability at different specific-sites in 
Brazil, determined the conditional probabilities of consecutive days suitable for mechanized activities by means of 
Markov chain at each ten-day period throughout the year. They concluded that the utilization of Markov chain for 
a study of such a nature is an important tool for planning periods more appropriate to machinery for soil 
preparation and management in order to help size fleets. 

Bearing in mind the importance of determining the occurring probability of workable days, as well as occurring 
probability of a given sequence of these days for the mechanized harvest of sugarcane in the State of São Paulo, 
Brazil, Markov chain technique turns out to be a fundamental tool for the planning of this particular agricultural 
practice, which, therefore, comprises since the number of agricultural implements to be acquired by growers up to 
the planning of final costs related to this operation in the field. In view of such a problem, the aim of the current 
study was to apply the Markov chain technique for determining both simple and conditional probabilities of 
workable days’ occurrence, as well as probabilities of sequences of workable days for the mechanized harvest of 
sugarcane at ten different producing-regions located in the State of São Paulo, Brazil. 

2. Material and Methods 
2.1 Studied Sites and Field Data 

This study was carried out at ten specific-sites belonging to the major producing-regions of sugarcane located in 
the State of São Paulo, Brazil, which are discriminated in Table 1 and Figure 1. For such sites, daily meteorological 
datasets for a series of 32 years (1982-2013) were collected from the website of DAEE/SP for daily rainfall 
amounts, as well as from the NASA/POWER system for daily minimum and maximum temperatures, mean 
relative humidity, global solar radiation, and wind speed. Data provided by the NASA/POWER system were 
employed for estimating reference evapotranspiration (ETo) in accordance with the Penman-Monteith approach 
(Allen et al., 1998). ETo and rainfall data were utilized in the making of daily sequential water balances (WBSeq) 
based on the method proposed by Thornthwaite and Mather (1955) at each specific-site taking into consideration 
soil water holding capacities (SWHC) of 40 and 80 mm. Such water balances were used to define SM/SWHC for 
each day of the year. 

 

Table 1. Representative specific-sites from the producing-areas of sugarcane for the evaluation of occurring 
probabilities of sequence of workable days for mechanized harvest of sugarcane in the State of São Paulo, Brazil 
by means of the Markov chain 

ID Site Latitude Longitude Altitude (m) 
1 Araçatuba 21°13′44″ 50°46′32″ 320 

2 Dois Córregos 22°22′00″ 48°23′00″ 719 

3 Andradina 20°55′00″ 51°22′00″ 370 

4 Ipaussu 23°01′45″ 49°34′05″ 624 

5 Ituverava 20°20′00″ 47°46′00″ 578 

6 Paraguaçu Paulista 22°25′15″ 50°34′16″ 491 

7 Pradópolis 21°21′48″ 48°03′51″ 540 

8 Piracicaba 22°48′03″ 47°39′45″ 591 

9 Potirendaba 21°02′37″ 49°22′29″ 489 

10 Cardoso 20°08′00″ 49°58′00″ 420 
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2.3 Sequential Probabilities of Workable Days 

Shortly after calculation of the conditional probabilities a geometrical equation (Equation 5), which is a function of 
the conditional probability obtained by means of the Markov chain, was employed for the estimation of mean 
sequential probabilities of workable days at each ten-day period of the year as proposed by Robertson (1976):  

P n 	=	P W 	×	P(W|W)n–1                               (5) 

where, P(n) is the occurring probability of “n” workable consecutive days for the mechanized harvest of 
sugarcane. 

3. Results and Discussion 
Figures 2 to 6 show both simple and conditional probabilities along with probabilities of sequences of one to ten 
workable days for the ten sites under scrutiny. By analyzing Figures 2 to 6 as to simple and conditional 
probabilities, it is possible to verify that for all assessed sites the period with the highest probability of workable 
days for sugarcane mechanized harvest is the one comprised between the third ten-day period of April and the first 
ten-day period of September. However, on the third ten-day period a systematical drop-probability of workable 
days was observed in all sites, except in Ipaussu (Figures 5C and 5D) and Paraguaçu Paulista (Figures 6A and 6B). 
In these two sites, the drop occurs on the second ten-day period of May. This might be explained due to the 
occurrence of cold fronts coming from the South, which firstly reach Southern Brazil and Vale do Paranapanema, 
heading afterwards to other regions of the State of São Paulo, promoting rainfalls shortly after its passage and, 
hence, increasing soil water moisture (Monteiro, 1964). 

In the regions encompassing West, Northwest and North of the State, the occurring probabilities of workable days 
are higher than those ones related to the South, where Ipaussu (Figures 5C and 5D ) and Paraguaçu Paulista 
(Figures 6A and 6B) are located. Another aspect to be borne in mind is that in Ituverava (Figures 2A and 2B), 
Potirendaba (Figures 3C and 3D), Pradópolis (Figure 4A and 4B) and Dois Córregos (Figures 4C and 4D), the 
probability of workable days is equal to the probability of non-workable days throughout the two quintessential 
months of the summer time in Brazil (January and February), whereas at other sites the probability of 
non-workable days is slightly higher as opposed to the probability of workable days. Such information is pivotal in 
order to plan sowing operation in sugarcane production fields throughout this particular season of the year, since 
for the planting practice it is necessary to realize the harvest of seedlings (Fernandes, 2011).  

Monteiro et al. (2014) obtained results from trials carried out in Piracicaba whose probabilities of days favorable to 
soil management practices vary from 66.6% on the first ten-day period of April to 14.1% on the third ten-day 
period of August, whist annual average of these probabilities was of 43.1% in conjunction with a standard 
deviation of 12.7%. The results reported by the aforementioned authors revealed lower probabilities in comparison 
to the outcomes found in the current study for the same location; however, field operations assessed were quite 
distinct, once in this particular work harvest operation was evaluated taking into account that such an operation 
might take place in wetter soils, as well as in drier soils as opposed to agricultural management practices linked to 
soil tillage. 

By scrutinizing the sequential probabilities of one to ten consecutive workable days throughout periods with the 
highest probabilities, comprising, therefore, the end of April up until the beginning of September, Ipaussu (Figures 
5C and 5D) turns out to be the site with the lowest probabilities. For such a site, a sequence of ten workable days 
possesses a minimum probability of about 4% and a maximum probability lower than 20%. Even under the 
consideration of a sequence of just one workable day, chances are that there might be a minimum probability of 
75% on the third ten-day period of May and a maximum probability of roughly 91%. Yet taking into account the 
probability of one workable day, we observed that at none of the sites assessed in the current study a 100% 
probability is to be possible, whose maximum probability found was of around 95% at the sites of Araçatuba 
(Figures 3A and 3B), Potirendaba (Figures 3C and 3D) and Pradópolis (Figures 4A and 4B).  
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regards to occurrence of dry periods of five days, we observed that in São Paulo the probability of having a 
sequence of five workable days is lower and falls between 40 and 60% (Figures 2 to 6).  

Results obtained by Ataíde et al. (2012), by evaluating probabilities of suitable days for field work with 
agricultural machinery by means of Markov chain, indicated that the best period for performing cultural 
management practices at an external environment in Londrina, PR, comprises from April to September, with an 
optimum between the end of July and beginning of September. Such results corroborate those outcomes obtained 
in the current work concerning a period with the highest possible probability of workable days comprising between 
April and September. Nevertheless, the month with the highest probability found in this particular study differs 
from Ataíde et al. (2012) owing to the fact that it focusses on the first ten-day period of July rather than on the end 
of July and beginning of September, as preconized by the aforementioned authors. In addition, according to these 
authors such probabilities provided the possibility of determining needs of machinery to performing mechanized 
agricultural practices in the field.  

Estrada et al. (2015) concluded that the highest occurring probability of favorable days for work with agricultural 
machinery in Santa Maria, located further South of the State of Rio Grande do Sul in comparison to occurring 
probabilities of favorable days for trafficability in Passo Fundo, might be ascribed to soil hydric-physical attributes. 
According to Kaufmann et al. (2012), in typical predominant latosols of Passo Fundo, alterations on soil water 
availability might be intensified by a dispersion of clay on the surface. Release of clay reduces dimension of soil 
canaliculus by illuviation of thin particles, bringing about a sealing on soil surface (Lima Neto et al., 2010). In this 
particular research, soil physical attributes were not directly examined; however, the criteria established for 
determination of workable days employed soil hydric-physical characteristics by means of the ratio SM/SWHC, 
bearing in mind that such a parameter in conjunction with precipitation are responsible for substantial fluctuations 
in occurring probabilities of workable days as thoroughly described by Estrada et al. (2015). 

Ataíde et al. (2012), by analyzing the probabilities of suitable days for field work with agricultural machinery, 
reached the conclusion that there is a strong dependence relationship between current trafficability and 
immediately precedent trafficability conditions indicating that a given workable day is greatly influenced by the 
previous favorable day and vice-versa. In this specific study, the authors obtained analogous outcomes so that the 
probability of a day to be considered as a workable day given that the previous day was workable always remained 
at a minimum of roughly 50% probability along with a maximum close to 90% at all sites under scrutiny (Figures 
2 to 6).  

Sequences of workable and non-workable periods are necessary for successful agricultural crop planning and 
soil and water conservation measures. Chances of occurrence of consecutive workable periods throughout the 
year indicate how many days are suitable for field operations, such as soil preparation, sowing, harvesting, 
chemicals application and other agricultural management practices in order to be conducive to a more rational 
estimation of the number of agricultural machines required for fleet’s sizing. As observed in our study and others 
around the world, Markov chain has been showing satisfactory results as an indicator of periods with the highest 
occurrence chances of favorable events for field work on the basis of daily climatological series of rainfall and 
soil moisture status. 

4. Conclusions 
The current study was conducted to define the probability of a sequence of consecutive WD for mechanized 
sugarcane harvest. The outcomes evidenced that the NWD varied among regions and from season to season, as 
well as in compliance with the sequence of a given number of WD per ten-day period. In general, the probability of 
one WD per ten-day period reached always a minimum of roughly 50%, whereas the probability of a sequence of 
eight or more WD per ten-day period was always below 40% throughout the year. The findings obtained 
emphasize the importance of considering the available WD for fleets sizing and field operations planning, such as 
sugarcane mechanized harvest under soil and climate conditions of Brazil.  
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