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Abstract

Knowledge of the rainfall regime is vital information for agricultural and environmental activities. Rainfall is a
component of the hydrological cycle, in which liquid water uses energy from the environment to change its phase to
the gaseous phase. The cooling of this water vapor causes condensation and subsequent precipitation. Mean
precipitation values, distribution during the year, variation between years, and maximum and minimum values are
useful parameters for rural and urban planning. This study aimed to characterize the rainfall regime in the municipality
of Botucatu through the assessment of precipitation and frequency of rainy days, considering the history of 52 years.
The mean local precipitation during the period of analysis was 1,525.53 + 284.71 mm. The rainiest month is January,
with 284.92 + 123.87 mm, which is also one of the months with the highest variability. August is the month with the
lowest rainfall volume, reaching 40.40 + 43.72 mm. The highest rainfall volume was observed in 1983, with 2,278 mm
accumulated and 147 days of rain. In 1984, the lowest rainfall volume was observed, reaching 964 mm, and only 82
days of rain. The mean number of annual rainy days is 107 + 14 days. In terms of the frequency of rainy days, 50% of
the years in the analyzed history had 12 days or more of rainfall in January, February, March, November, and
December. The remaining 50% of the years had up to two days of rain in July and up to 4 days in June.

Introduction

Knowledge of the rainfall regime is useful for planning agricultural and environmental activities. Rainfall, or
precipitation, is a component of the hydrological cycle, in which liquid water in the environment uses energy from the
medium to change phase and evaporate. The cooling of this water vapor causes condensation and subsequent
precipitation. Rainfall regime quantification is important for managing water resources, considering mean, maximum,
and minimum values and distribution during the year, in addition to the variation between years (Sant'anna 1999;
INMET 2009).

The importance of knowing the local rainfall regime goes beyond scientific or academic knowledge, acting directly in
the daily life of society and contributing to urban and rural development through predictions of the most adverse
behaviors involving the climate (Sant'anna 1999; Mendes & Zukowski 2019).

Generally, rainfall analysis is performed by analyzing the precipitation volume in millimeters. It allows the distinction
between maximum, mean, minimum, and accumulated precipitation values, allowing climate analysis on droughts,
rainy years, and groundwater recharge, among others (ANA, 2021). Furthermore, the number of rainy days can be
analyzed when evaluating rainfall. In this modality, the precipitation volume is not the focus but rather the number of
rainy days in a certain period. This analysis allows us to identify the number of days without rain in a period, on
average, knowledge that is vitally important in agricultural operations, such as planting and harvesting (Araujo et al.
2011; Ataide et al. 2012).

According to Pezzopane et al. (1995) and Diniz (2013), the temporal distribution of rainfall in a location can be a
limiting factor for agricultural activities. Irrigation systems allow to carry out cultivation in times of low rainfall, but
they are still a high-cost method in Brazil. According to Irrigation Atlas (ANA, 2021), Brazil totaled 8.2 million hectares
(Mha) equipped for irrigation in 2019, of which 2.9 Mha with fertigation from reused water and 5.3 Mha with irrigation
from spring water.

Agricultural planning can be improved with knowledge of the rainfall regime. A high accumulated rainfall volume
and/or a high number of rainy days can restrict the use of agricultural machinery in carrying out agricultural activities
(Assad 1992; Pezzopane et al. 1995; Back 2006). Decision-making from soil tillage and planting to harvesting is linked
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to soil moisture in the layers to be worked, which depends on the rainfall regime (Fernandes et al. 2000; Dallacort et al.
2011).

The sizing of agricultural machinery depends on the frequency of precipitation, as higher rainfall regimes reduce the
period available for machines to work in the field (Mialhe 1974; Pezzopane et al. 1995; Estrada 2015; Shaheb et al.
2021). The number of agricultural machines to be purchased depends on their daily work capacity and the period
available for desired operation, which, in turn, depends on the number of days without rainfall. An undersized fleet can
lead to operational difficulties within a few years. On the other hand, an oversized fleet can guarantee successful
operation every year, but part of these machines will be unused in some years, representing higher maintenance costs.

According to Silva et al. (2010), the major problem in characterizing the climate of the most diverse regions of Brazil is
the difficulty in obtaining data either due to the lack of equipment and flaws in records or the lack of data series for
long periods, which makes these characterization procedures difficult. The lack of rainfall data makes it difficult to
model and understand precipitation patterns and their spatial and temporal variations, which are directly related to the
most diverse sectors of the economy, with an impact on fishing, navigation, and mainly agriculture, standing out
irrigation, which has not yet been explored to its greatest potential in Brazil (Ruezzene et al. 2021). Thus,
understanding the patterns resulting from precipitation is of paramount importance for the planning and operation of
these sectors (Soares et al. 2016), consisting of important tools that contribute to agricultural planning, standing out
studies at the local level (Pezzopane et al. 1995; Mendes & Zukowski 2019).

Therefore, this study aims to characterize the rainfall regime in the municipality of Botucatu — Sao Paulo, using a 52-
year climatological series. The monthly and annual rainfall volume and the occurrence of rainy days in each month
were studied to identify and quantify trends in more or less rainy seasons so that useful information can be provided
to aid agricultural planning for producers in the region.

Material and method
Location and climate

The study was conducted using data from the Weather Station of the Department of Rural Engineering and
Socioeconomics of the School of Agricultural Sciences of the Sdo Paulo State University (UNESP) in Botucatu, Sédo
Paulo, Brazil (22°54' S, 48°27' W, and mean altitude of 786 m). The municipality of Botucatu (Fig. 1) has approximately
149 thousand inhabitants and is located in a territorial area of 1,482.6 km?, with the Cerrado and Atlantic Forest
biomes (IBGE 2022). The municipality is located close to two large dams (Barra Bonita and Jurumirim) approximately
221 km from the Atlantic Ocean (Rossi et al. 2018). According to Franco et al. (2023), the Botucatu climate is
classified as Aw, with hot, rainy summers and cold, dry winters, with well-defined seasons. However, this climate was
considered as Cwa in previous classifications by other authors (Rossi et al. 2018).

The work developed by the authors Franco et al. (2023) presents the values of air temperature and relative humidity
considering the period from 1991 to 2020 in the municipality of Botucatu. The hottest months occur in the summer,
with a mean temperature of 23.80°C in February. The maximum mean relative humidity of 75.76% occurs in January,
as well as the maximum monthly accumulated precipitation of 310.37 mm. The lowest values occur in the winter, with
a minimum mean temperature (18.28°C) in July, minimum mean relative humidity (61.86%) in June, and minimum
monthly accumulated precipitation (38.76 mm) in August. The annual accumulated precipitation is approximately
1,500 mm, with precipitation occurring, on average, on 107 days of the year (Franco et al. 2023).

Instruments and measurements
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Daily values (data from 1 day of rain read at 9 am) of precipitation between 1971 and 2022, totaling 52 years, were
used to conduct the study. The data were measured by a TB4 Rain Gage Campbell Scientific, INC rain gauge of the
automatic weather station (Fig. 2a) in the period from 2015 to 2022. Before this period, the data were measured by a
Ville de Paris conventional rain gauge (Fig. 2b). Franco et al. (2022) compared measurements from the same
automatic and conventional rain gauges for the municipality of Botucatu, which allowed the creation of a unified
database from 1971 to 2022.

Source: The authors (2023)

The data were obtained on a daily scale using the unit of millimeters (mm), equivalent to liters per square meter

(L/m?). The number of rainy days was also obtained. For this analysis, days with precipitation higher than or equal to 1
mm were considered rainy days (INMET 2022a).

Calculations of arithmetic mean, variance, and standard deviation, accumulated precipitation values in the periods,
relative deviations, coefficients of variation of the distribution, frequency of occurrences, and related plots were used
to characterize the data. Student’s t-test was used to compare means and Tukey’s test was used for multiple
comparisons.

Descriptive statistics and calculations were prepared using a Microsoft Excel® spreadsheet. The number of rainy days
was analyzed in annual (variation between years), monthly (variation between months), and 10-day intervals (variation
within each month), as well as its frequency of occurrence.

Results and discussion
Annual precipitation

Figure 3 shows the values of annual accumulated precipitation (PA,) and the number of annual rainy days (NRD,),
considering the years that make up the historical series from 1971 to 2022. Knowledge of the accumulated volumes
and the number of rainy days helps in interpreting the intensity and seasonality of occurrences. Years considered rainy
have a large annual accumulated volume or a high number of rainy days compared to the other analyzed years.
Importantly, the analyzed 52-year historical series is sufficient for all local climatological trends to have been recorded
in the municipality.

The municipality of Botucatu is located in the center of the State of Sdo Paulo. In this region, there is a strong
predominance of continentality in the winter periods, resulting in low relative humidity values and low amounts of rain
in this period. Although the data are valid for the municipality of Botucatu, its rainfall regime does not differ
significantly from several neighboring locations that have a continentality effect at the same time. Therefore, the
values for a large part of the west of the State of Sdo Paulo, with a rainfall regime similar to that of Botucatu, are
expected to be close to those presented in this study, validating this research for coverage higher than the municipality
of Botucatu.

Source: The authors (2023)

The mean PA, value was 1,525.53 + 284.71 mm, considering all years of the historical series (Fig. 3a). The highest PA,
value occurred in 1983, reaching 2,278.33 mm (49.35% above the annual mean), and the lowest value was recorded in
1984, reaching 964.84 mm (36.75% below the annual mean). Importantly, the years 1971, 1973, 1984, 1994, 2008,
2014, and 2021 showed PA, records below the mean standard deviation value (284.71 mm). These 7 years can be
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classified as dry years (13.46% of the total number of years), considering the accumulated volume criterion. On the
other hand, 10 years of the historical series (1972, 1976, 1982, 1983, 1991, 2009, 2011, 2012, 2015, and 2016)
presented PA, records above the mean standard deviation (19.23% of the total years), being considered as rainy years.

In total, 17 years were out of the limit established by the mean standard deviation, which is equivalent to 32.69% of the
total evaluated.

Figure 3b shows the NRD, for each year in the series. The mean NRD, value in the series was 107 £ 14 days of rain
(29.31% of the year). The highest NRD, value recorded was 147 days in 1983, that is, it rained on 40.27% of the days of
the year. Importantly, the year 1983 also showed the largest record of PA,. On the other hand, the year 2021 presented
the lowest NRD,, totaling only 80 days of rain in the year (21.91% of the days in 2021 rained). In this case, the year with
the lowest NRD4 record did not coincide with the year with the lowest PA,, which was 1984. However, 2021 and 1984
presented similar values (82 days of rain in 1984).

Moreover, 7 years (1975, 1984, 2014, 2018, 2019, 2020, and 2021) showed NRD, lower than the lower limit of the
mean standard deviation, which represents 13.46% of the total years evaluated. The criterion of rainy days in a year
shows that the mentioned 7 years could be categorized as dry years. On the other hand, considering the same
criterion, we found that 8 years (1972, 1976, 1982, 1983, 1990, 1993, 2009, and 2015) could be considered rainy years,
as these years (15.38% of the total assessed) presented NRD, higher than the mean standard deviation value. In total,
15 years were out of the limit established by the mean standard deviation regarding NRD,, equivalent to 28.84% of the
years evaluated.

Regarding the dry or rainy year classification criteria, the two criteria (PA, and NRD,) presented equal results in the
number of dry years and different results in the number of rainy years, that is, some years are not the same and do not
match. The number of years categorized as dry years was 7 years in both criteria. The total number of years classified
as rainy years was 10 and 8 years, according to the PA, and NRD, criteria, respectively. This difference occurs

because the values of PA, and NRD, vary significantly, being directly related to the intensity values and temporal
distribution of rainfall. Thus, the historical series shows years with low NRD, values, but with high PA, values, and the
opposite is also verified.

In 2016, for example, it rained on 99 days (below the annual mean value and close to the lower limit of the mean
standard deviation), but PA, was 1917 mm (above the upper limit of the mean standard deviation). This behavior was
similar to that found in 2020, which had only 87 days of rain (below the lower limit of the mean standard deviation)
and a PA, of 1431 mm (close to the annual average value). The opposite situation was observed in 1993, during which
the NRD4 value was 124 days (above the upper limit of the mean standard deviation) and PA, was 1550 mm (close to
the annual mean value).

The PA, criterion apparently tends to present a higher number of values out of the standard deviation for the

municipality of Botucatu. Therefore, this criterion tends to present a higher number of extreme occurrences for studies
on extreme events, such as years of drought or years of heavy rain.

Figure 4 shows the relative deviation (%) of PA, and NRD, values relative to the mean for the 52-year period.
Importantly, positive values of relative deviation indicate that the PA, or NRD, value of a given year was higher than

the mean of the historical series, and the higher this value, the higher the deviation from the mean. This applies to
negative relative deviation values, that is, higher negative values indicate a higher distance from the mean value of the
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historical series. Furthermore, relative deviation values close to zero indicate no difference between the evaluated
variable and the mean of the historical series.

This analysis shows that the largest relative deviation in PA, values occurred in 1983 when values of 49.35% were
recorded. It shows that 1983 was an atypical year, presenting the highest volume of rain of the years considered in the
historical series. On the other hand, the smallest relative deviation of PA, values was observed in 1984, being -
36.75% lower than the annual mean value, leading to the conclusion that this year had the lowest volume of rain than
the other years in the historical series.

The evaluation of the relative deviation for NRD, (Fig. 4) showed that the highest value also occurred in 1983
(36.79%). In other words, NRD, exceeded the annual mean of the historical series by 36.79% in 1983, showing the
highest NRD,. On the other hand, the year 2021 presented the lowest relative deviation value (- 25.55%) in the
historical series, that is, the NRD, was 25.55% lower in 2021 compared to the annual mean value.

Considering the behavior of the relative deviations of the PA, and NRD, variables (Fig. 4), the values showed
agreement in some years but discrepancies in others. In general, the years in which the values of the relative deviation
of the PA, and NRD, variables were closer (1975, 1982, and 2021, for example) presented a behavior of the volume

and temporal distribution of rain similar to the mean values of the historical series.

Figure 4 shows that the years with positive relative deviation values, in which the PA, value was higher than NRD,,
presented more intense rainfall, as observed in 1972, 1976, 1982, 1983, 1982, 1991, 2009, 2012, and 2015, for
example. In contrast, years that presented a value of a positive relative deviation of PA, lower than that of NRD
indicate a higher temporal distribution of rainfall, as observed in 1993, 1998, and 2004.

Regarding the negative relative deviation values (Fig. 4), years with PA, relative deviation values higher (in absolute
values) than NRD, presented low precipitation volume relative to the historical mean but with a better temporal
distribution of rainfall, as observed in 1971, 1973, and 2006. On the other hand, years that presented lower PA, relative
deviation values (in absolute values) than those of NRD, may have presented a higher intensity of rainfall, such as the
years 1978, 1985, and 2020.

The pattern of rain characteristics presented in recent years (2018 to 2022) shown in Fig. 4 draws attention. The
relative deviation values of PA, and NRD, were negative for these years, indicating years with low volume and
temporal distribution of rainfall. Similar but milder characteristics were also observed between 2002 and 2008. This
behavior observed in recent years indicates a possible change in the characteristics of the rainfall regime in Botucatu.

One way to explain the results is to establish a relationship with El Nifio and La Nifia events. El Nifio and La Nifa
events are climate events observed over the waters of the Pacific Ocean, around the equator. They consist of periodic
events that cause changes in meteorological patterns at a global level (Cunha et al. 2011; Medeiros et al. 2016;
Rodrigues et al. 2017). Figure 5 shows the El Nifio and La Nifia values from the Oceanic Nino Index (ONI) between
1971 and 2022, obtained through NOAA (National Oceanic and Atmospheric Administration). Ocean temperature
values 1.5°C above average represent strong El Nifio events, while temperature values 1.5°C below average represent
strong La Nifia events (Nery & Siqueira 2019).

Seven periods of strong or severe El Nifio (1972, 1983, 1986, 1991, 1997, 2009, and 2015) and La Nifia events (1973,
1975, 1988, 1998, 1999, 2007 and 2010) could be observed in the period between 1971 and 2020. According to
Minuzzi et al. (2006), the El Nifio events considered the strongest of the 20th century occurred between the years
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1982/83 and 1997/98. Marcuzzo & Romeiro (2013) analyzed data from 1977 to 2006 and observed that the most
intense La Nifa event occurred in 1988. In this study, the researchers did not evaluate the 1973 event.

Five out of the seven years of severe El Nifio events coincided with the wettest years of the series in Botucatu (1972,
1983, 1991, 2009, and 2015) and two (1986 and 1997) did not coincide. The PA, value in 1986 (Fig. 3a) was close to

the mean of the historical series, but the recorded NRD, was above the mean of the historical series (close to the
upper limit). On the contrary, the PA, value in 1997 (Fig. 3a) was above the mean of the historical series, whereas the
NRD, value was close to the mean value of the historical series.

This result may infer that the El Nifio event tends to change the rainfall pattern in Botucatu, causing higher PA, and
NRD, values. In general terms, a higher water abundance in the municipality of Botucatu is observed in years when the
El Nifio phenomenon occurs.

The seven strong La Nifia events that occurred in the series led to lower PA, and NRD, values in Botucatu. In 1973, the
PA, was below the lower limit of the standard deviation (Fig. 3a) and NRD, was close to the mean of the historical
series (Fig. 3b), being considered a drought year. PA, and NRD, were below the mean of the historical series in 1975,
1998, 1999, 2007, and 2010. Moreover, lower PA, and NRD,, values were observed in the periods of 2020 and 2021,

when the La Nifia phenomenon was not severe but occurred for a long period. Given this evidence, the occurrence of
the La Nifia phenomenon is related to periods of higher water scarcity in the municipality of Botucatu.

Cunha et al. (2011), Medeiros et al. (2016), and Rodrigues et al. (2017) also verified a relationship between water
abundance/scarcity and the El Nifio/La Nifia phenomena. These researchers concluded that some extreme rainy or
drought events can be explained and correlated by severe El Nifio/La Nifia events. However, not all extreme events are
related to periods of El Nifio/La Nina.

Tables 1 and 2 and Fig. 6 show the histograms of frequency distribution for the annual accumulated precipitation
volumes (PA,) and the number of rainy days in a year (NRD,), grouped into seven classes (~\/N - N: number of
years). Most years are in the central classes (Fig. 6) and the distribution of frequencies resembles the normal
distribution (a symmetrical bell-shaped curve). In this sense, this behavior is expected when it comes to observing
natural events, such as rain, being characterized by a smaller number of observations the further away from the mean
of the data (Dallacort et al. 2011; Santos et al. 2020).
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Table 1
Frequency distributions of annual accumulated precipitation (PA,) grouped into classes and respective probabilities of
non-exceedance.

Class Range Median  Absolute frequency Relative Accumulated non-exceedance
(number of years) frequency probability

(mm) (mm)

1 963- 1.058 3 0.0566 0.0566
1,152

2 1,152- 1.245 13 0.2453 0.3019
1,339

3 1,339- 1.433 14 0.2642 0.5660
1,527

4 1,527- 1.621 9 0.1698 0.7358
1,715

5 1,715- 1.808 4 0.0755 0.8113
1,902

6 1,902- 1.996 8 0.1509 0.9623
2,090

7 2,090- 2.184 1 0.0189 0.9811
2,278

Table 2

Frequency distributions of number of annual rainy days (NRD,) grouped into classes with respective probabilities of
non-exceedance.

Class Range Median  Absolute frequency (number  Relative Accumulated non-exceedance
of years) frequency probability

(mm) (mm)

1 79-89 84 4 0.0755 0.0755

2 90-99 95 13 0.2453 0.3208

3 100- 105 13 0.2453 0.5660
109

4 110- 115 11 0.2075 0.7736
119

5 120- 125 7 0.1321 0.9057
129

6 130- 135 3 0.0566 0.9623
139

7 140- 145 1 0.0189 0.9811
149

Figure 6a shows that class 3 presented the highest frequency (14 observations), with PA, between 1,339 and 1,527

mm (close to the mean of the 52-year periods). The second highest frequency occurred in class 2 (1,152 to 1,339
mm), in which 13 observations were observed. Classes 1 (963 to 1,152 mm), 5 (1,715 to 1,902 mm), and 7 (2,090 to
2,278 mm) presented the lowest frequencies (3, 4, and 1, respectively), representing classes further away from the
mean of the historical series.
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The probability of non-exceedance shows that class 1 presented a value of 5.66%, indicating a 5.66% probability of
occurring a year with PA, up to 1,152 mm. Furthermore, the probability of a year having a PA, lower than 2,278 mm is
98.11% or a 1.89% chance of observing a year with precipitation higher than this value.

Concerning NRD, (Fig. 6b), classes 2 and 3 had a higher number of observations, 13 in each, totaling 50% of the
evaluated years. These classes encompass years that had 90 to 119 days of rain, an interval that covers the mean
NRD, value of the historical series, which is 107 + 14 days. The third highest frequency was observed in class 4 (11

observations) and the other classes comprised approximately 28.8% of the evaluated years. Thus, the number of
observations in classes 1, 5, 6, and 7 was 4, 7, 3, and 1, respectively.

Based on the probability of non-exceedance (Fig. 7b), the chance of a year with an NRD, lower than 79 (lower limit of
class 1) is 7.55%. On the other hand, the chance of NRD, being lower than 149 (upper limit of class 7) is 98.11% or a
1.89% chance of observing a year with days of rain higher than this value.

The histograms in Figs. 6a and 7b have similarities but are not identical. The values of class 6 in Fig. 6a were higher
than those of class 5, which caused slight distortion compared to the normal curve. This behavior is related to the
incidence of extreme rainfall, that is, when there are large volumes of precipitation in one day. The histogram referring
to NRD, shows that the behavior of this variable was closer to the normal distribution.

Importantly, the differences observed between the two plots may be directly associated with the rainfall intensity.
More intense rainfall is associated with higher PA, values, which causes an increase in observations in classes with

higher limits (Fig. 6a). However, NRD, is not influenced by this event, considering that the intensity of the rainfall is not
computed for recording NRD,, that is, it is only considered whether or not there was rain with a volume greater than 1
mm.

Brussolo et al. (2020) found similar PA, values in the municipality of Assis — SP, as well as Santos et al. (2020) for 16

municipalities located in the central portion of the State of Sdo Paulo. The values identified for the municipality of
Botucatu are within expectations considering the local climate. The continentality climate factor prevails for much of
the year in this city, located in the countryside of the State of Sdo Paulo, far from large natural bodies of water such as
the sea (Rossi et al. 2018). Rainfall is generally higher in volume compared to evapotranspiration, but this rainfall is
poorly distributed. Large volumes of rainfall in the summer and low rainfall in the winter are generally observed.

Monthly precipitation

Figure 7 shows the monthly mean and standard deviation of the monthly accumulated precipitation values (PA),) and
the number of monthly rainy days (NRD),), considering the historical series from 1971 to 2022, which totaled 52 years
of measurements.

Higher PAy, and NRD,, are observed in the summer months. In January, PA,, was 284.82 +123.87 mm and NRD,, was
17 £ 4 days. In February, PA, reached 204 + 95.69 mm and NRDy, was 13 4. In December, rainfall totaled 212.06 mm
+74.98 mm and NRD,, reached 14 t 3 days.

The months with the lowest PA,, occurred in the winter, with June showing MAp of 59.14 + 58.93 mm and NRD,, of 5
4 days. July showed a reduction in the volume of precipitation, with PA,, of 42.40 + 43.57 mm and NRD,, of 4 + 3 days.
Finally, August had the lowest records, with MAp reaching 40.48 + 40.72 mm and NRD,, 4 + 3 days. This month can be
considered the driest of the year.

Page 9/22



This seasonal behavior is typical of the region of this study (Santos et al. 2020; Brussolo et al. 2020). The large
volumes of rain in the summer are responsible for recharging the water table, which, consequently, guarantees flow to
the rivers during dry periods. Winter periods show a predominance of droughts (low rainfall), limiting agricultural
activity and significantly increasing the risk of fires and the need for irrigation (Giacomeli et al. 2022; Carvalho et al.
2023).

Importantly, the information shown in Fig. 7 is important when sizing agricultural fleets. For instance, October has a
historical mean of 9 days with rain or 22 days without rain, which means that, on average, this month has 22 days
favorable for working in the field with machinery. However, years with just 3 days of rain (28 days without rain) or with
up to 16 days of rain (only 15 days without rain) may occur given the variations between years. The probability of
occurrence of these two scenarios is approximately 1.9% (calculated based on the frequency of occurrence in 52
years).

Table 3 shows NRD, distribution values per month, with their respective standard deviations. January tends to have a
higher number of rainy days, with approximately half of the days of the month (53.57%) presenting rain. This
information is important for the agricultural sector, as days with rain can limit the movement of agricultural machinery
in the field. According to Beutler et al. (2009), Jimenez et al. (2021) and Shaheb et al. (2021), agricultural machinery
traffic on wet soils can increase soil compaction, which can affect negatively plant growth and crop productivity.

Table 3

Descriptive summary of the frequency of the number of monthly rainy
days (NRDy,) in the period from 1971 to 2022.

Month Mean+SD Med[Min-Max] CV Rainy days (%)
January 16.5+4.0 16.5[9-24] 0.24 53.23
February 13.4+43 13.5[6-23] 0.32 48.21
March 11.7+34 12.0 [5-20] 0.29 38.71
April 59127 6.0 [1-12] 0.47 20.00
May 6.0+3.3 6.0 [0-16] 0.55 19.35
June 49+3.5 5.0 [0-14] 0.72 16.67
July 3.612.8 3.0[0-15] 0.78 9.68
August 3.9+28 4.0 [0-10] 0.73 12.90
September 7.2+3.7 7.0[0-16] 0.52 2333
October 92+32 9.0 [3-16] 0.35 29.03
November  10.5+3.1 10.5[5-19] 0.29 35.00
December 14.5+34 14.0 [7-24] 0.24 4516

SD = standard deviation, Med = median, Min = minimum, Max = maximum and CV = coefficient of variation.

Table 3 shows that the lowest values of the coefficient of variation occurred in the summer, indicating less temporal
variability in this season. Winter months show higher variability in rainy days during the study period. Winter rains have
lower volumes, lower intensities, and fewer days of rain (Varejao 2006; Mendonca & Oliveira 2017).
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July and August presented the lowest mean number of rainy days, with a mean of 4 days with rain. These months have
no major restrictions on mechanized agricultural operations (soil tillage and harvesting), but the low rainfall volume
restricts some agricultural activities that require rain to be carried out, such as planting and liming (Botta et al. 2022).
Importantly, the volume of rain increases in October and November, intensifying agricultural activity in the harvest and
soil tillage for the next growing season. These months had a mean of 30% more days of rain (between 7 and 9 days),
which requires good planning for the correct handling of the machinery during this period.

Figure 8 shows the histograms of the number of rainy days in each month (NRDy,). The distribution of this number in
the summer months shows a different behavior than in the winter months. In the summer, rainfall volumes are higher,
and this is reflected in the number of rainy days, as indicated by the more asymmetrical histograms to the left. January
had 12 or more days of rain in 44 years of the historical series (84.6% of the years), a situation that led to severe
restrictions on the movement of agricultural machinery. Moreover, 11 years had more than 20 days of rain in January
(21.15% of the historical series), with 1983 having 24 days of rain (80% of the days of the month).

The NRDy, frequency distribution in January showed 98% of years with 10 or more days of rain. Consequently, the
class in which 50% of the accumulated frequency was observed was the class with 12 days or more of rain, which
indicates that half of the evaluated years had 12 or more rainy days in January. This median value (50%) is often used
in the planning, acquisition, and operation of agricultural machinery. Although the time window for field machinery
operations after rain also depends on the type of local soil and its drainage speed, knowledge of the number of rainy
days allows better planning/forecasting in the number of hours worked or to work in the field with machines and
tractors (Pezzopane et al. 1995; INMET 2021).

The prior planning of many agricultural activities, such as the application of pesticides, harvesting, and soil tillage, is
costly, involving labor, jobs, and appropriate machinery. The risk of these activities being hampered by rain is high, as
rainfall with more than 5 mm interferes with soil tillage operations, such as plowing (Pezzopane et al. 1995).

February and December presented a similar behavior to January, showing 50% of the years with 12 days or more of
rain, with December showing this number in 84.61% of the historical series, while February presented six or more rainy
days in 99.11% of the years. The large number of days of rain at this time of year (summer) is explained by the climate.
The sun declines towards the southern hemisphere, radiating a higher amount of energy compared to winter. This
energy is used in latent processes of water evaporation, providing the formation of convective systems and,
consequently, rain. Convective systems are large summer rains, with the formation of storms, causing thunder and
lightning (Back et al. 2020).

These convective systems lose strength from March and April onwards and rain only begins to occur when cold fronts
arrive. Cold fronts come from the southern regions of the globe to the Southern Hemisphere and enter Brazil through
Argentina, continuing through the Southern region until reaching the state of Sdo Paulo. These frontal rains are
predominant until the return of the hot summer period (close to November). In this winter period when rainfall is
frontal, the volume, intensity, and frequency of rain depend on the number of cold fronts and their properties. There are
years when dozens of cold fronts enter each season, providing a large number of days of rain. There are years in which
few cold fronts advance over South America, providing years with fewer days of rain. There are still larger cold fronts
(called “strong” cold fronts) and smaller magnitude cold fronts (“weak”). Strong cold fronts can cause rain lasting
more than 24 hours. Weak cold fronts are more common although they cause fewer days of rain (INMET 2022b).

April showed frequencies more distributed between the classes of rainy days, resulting in a median value of 6 days,
that is, 50% of the years in this month had 6 days or more with rain. The number of days of rain reduces in May and
June compared to previous months. In June, 50% of the years in the historical series had around 4 days or less of rain.
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The situation is similar in July and August. However, the median value in July and August is 2 days of rain, that is, 50%
of the years in the historical series had up to two days of rain in these months. It means that, at most, 2 to 3 days of
rain are expected in July. However, August presented more than 10 days of rain in some years. It occurs in years with a
higher number of cold fronts when the season begins in May-June and lasts until July-August, but they may occur later
in some years (August-September).

Ten-day period precipitation

Table 4 shows the ten-day values for each month with mean values for the number of decennial rainy days (NRDp). In

this methodology, the third ten-day period (D3) of each month will not necessarily have 10 days. Thus, D3 was 11 days
for January, March, May, July, August, October, and December. D3 was 10 days for April, June, September, and
November and 8 days for February. This difference in days in the values shown in Table 4 was considered in the
calculation.

Table 4
Comparison of the number of decennia rainy days (NRDp)

occurring in three periods of the month (~ 10 days) with the
mean monthly value.

Month D1 D2 D3 Mean of the month

January 5.7 5.3 5.6 16.5A

February 4.8 4.9 4.4 14.2 8B

March 4.2 4.0 3.6 11.8C
April 21% 232 15 59CH
May 1.8 1.9 2.3 6.0 FG
June 1.9 1.5 1.5 4.9 GHI
July 1.1 1.2 1.4 36!

August 1.1 1.4 1.5 3.9 GH

September 2.2 2.3 2.8 7 3 EF
October 3.0 2.9 3.3 9 3 DE

November 3.3 3.4 3.8 10.5CD

December 4.2 b 4.7 ab 562 14.5 AB

* Different lowercase letters in the row and uppercase letters in the columns indicate a significant difference by the
Tukey test at a 5% significance.

** D1 — first 10-day period of the month; D2 — second 10-day period of the month; D3 - third 10-day period of the
month.

The 10-day period values were processed aiming to obtain differences in NRDy (number of 10-day period rains) within

a month. The three 10-day periods of each month were subjected to the Tukey test at a 5% significance level. April and

December were the only months in which the three periods showed significant differences. The 2nd 10-day period (D2)
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of April presented a higher NRDp, while the third 10-day period (D3) had a lower number of days of rain than the rest of
the month. The third 10-day period (D3) of December presented a higher NRDp, while the first 10-day period (D1)
presented a lower NRDp. The other months showed no significant difference between the three 10-day periods,

demonstrating a more homogeneous distribution of rainfall throughout the month.

The comparison of days of rain between months showed a large variation. January presented the highest number of
days of rain in the series, followed by December. July presented the fewest days of rain. The Tukey test shows the
behavior of changing the rainfall regime: from the rainy season to the dry season and from the dry season to the rainy
season.

The change to the rainy season (September to November) showed a gradual increase in the number of days of rain
each month: November had no significant difference from October and October had no significant difference from
September. September and August differed but in neighboring classes (letters F and G). The period of change to dry
(March to May) had a more abrupt reduction in the number of days of rain. A change from class C to class G occurred
from March to April. It demonstrates that the decrease in NRD at the end of the rainy season occurs more abruptly.

Conclusions

The analysis of the historical series allowed the evaluation of the rainfall behavior and revealed significant variation in
precipitation patterns over time in Botucatu-SP. The PA, and NRD, values had disagreements in some years, indicating

that these parameters are not necessarily correlated, and these differences may be associated with the intensity and
temporal distribution of rainfall.

The climate phenomena El Nifio and La Nifia presented influences on the Botucatu rainfall regime. Overall, the PA, and
NRD, values were higher when El Nifio occurred, indicating years of higher water availability. In contrast, the incidence
of La Nifia was related to periods of lower volumes and days of rain, implying years with higher water scarcity.

The evaluation of the historical series on a monthly scale allowed the identification of the seasonal standard of rainfall
over the months of the year, which significantly influences agricultural activities. Thus, the rainfall regime
characterization in the municipality of Botucatu showed that PAy, and NRD,, were higher during the summer, while this
behavior is inverse in the winter when the lower PA,, and NRD,, values are recorded.

Also, the rainfall regime had less temporal variability in the summer months, contrasting with higher variability in the
winter months. Notably, July and August stood out by presenting the lower means of days of rain, contributing to a
lower NRD), but demanding precautions regarding the conduct of agricultural activities during this period.

Regarding the evaluation of 10-day periods, the rainfall regime in most months was distributed evenly over the days,
i.e., no large difference was observed in the rainfall volume and NRDj, at the beginning, middle, and end of the month.

The comparison between the months of the year was important, evidencing the seasonality of volume and days of
rain.

In general, the application of the information presented and discussed in this paper can improve and substantiate
agricultural management, reduce financial and operational risks, and contribute to the most sustainable development
of agribusiness in the region of Botucatu-SP.
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Figure 2

Rain gauge at Fazenda Lageado (Botucatu — SP — Brazil) weather station (a) Automatic; (b) conventional.
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52-year historical series (1971 to 2022) in the municipality of Botucatu for the values of (a) annual accumulated

precipitation (PA,); (b) number of annual rainy days (NRD,).
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Figure 4

Relative deviation of the 52-year historical series (1971 to 2022) in the municipality of Botucatu for the values of (a)
annual accumulated precipitation (PA,); (b) number of annual rainy days (NRD,).
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Oceanic index for the El Nifio and La Nifia phenomenon for the period between 1971 and 2022.
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