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Abstract
In our day to day lives, we may not notice but agriculture is all around us. Not
only on our meals and beverages, but on our clothes, shoes and a lot of daily
objects. The need to have the most efficient usage of the cultivated land has
been growing over the years. We all know that one of, if not the most, important
players in this equation is water. Its correct usage in lands is crucial in order to
get the maximum result of what we are cultivating. This implies that land needs
to get the right amount of water in the right amount of time, and to get the best
results irrigation may be absolutely necessary.
The objective of this work (or thesis) is to assess the temporal variability of
irrigation requirements between 1981 and 2019 in two locations near Torino
(Italy) and São Paulo (Brazil) That assessment was achieved with the
calculations of irrigation requirements based on FAO (Food and Ag…) paper
published on 1998. A previously created model was used to estimate the soil
water balance and the irrigation volumes, taking precipitation data as a main
driver. Precipitation data were extracted, manipulated and verified, to use them
as an input in the model. The model results were analyzed in terms of spatial
and temporal variability, considering different crops cultivated at the two sites.
Finally, the interannual variability was interpreted using the tools of statistical
inference.
Results showed that for São Paulo only maize did not show any signal of
temporal trend. As for Torino, none of the crops analyzed presented temporal
trends. Nonetheless, among the three studied distribution (Normal, LogNormal
and Gumbel) the only one that fitted all crops for both cities was LogNormal
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1. Introduction
1.1.

Context
Water necessary for irrigation may represent an important strategic role in
agriculture as 20% of irrigated harvested lands providing 40% of global food
production (1)
The need to study and optimize water resources is growing at a fast pace all
around the world. Irrigation techniques are evolving on daily basis, but the most
important factor is when and how much irrigation should be provided.
Thus, the goal is to analyze and investigate whether irrigation requirements
have a temporal variability over the years.
This thesis revisits precipitation data from 1981 to 2019 in two specific
locations: Torino (Italy) and São Paulo (Brazil). The precipitation data was then
uses as input to a previously created model in order to get irrigation
requirements along the years. The focus is on a set of crops cultivated at both
sites, wheat, citrus and maize.
One of the main organization behind the field of irrigation is FAO (Food and
Agriculture Organization of the United Nations).It was created in 1945 and it is
an international organization which the main purpose is to achieve food security
for all and make sure that people have regular access to enough high-quality
food to lead active, healthy lives. (2). Irrigation requirements is a crucial subject
matter in order to always have sustainable agriculture and to win war against
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1.2.

Objective and Structure
The aim of this work is to analyze the dynamics and relations between some of
the most important metrics involved in irrigation.
Prior to the analysis of the important metrics, key work was done.
Starting by the extraction, manipulation and analysis of precipitation data
coming from the Copernicus Satellite.
Subsequently, based on Mirca dataset, a brief study on the most common crops
cultivated in the two selected areas.
Using the precipitation data as input and the crops as filter to the results, the
model provided two metrics: evapotranspiration and irrigation requirements.
At this point all needed information was collected, thus the temporal variability
study proceeded with time series studies on evapotranspiration and irrigation
requirements, correlation study and statistical inference
Three main metrics were studied: precipitation, evapotranspiration and irrigation
requirements. Therefore, the structure of the thesis is:






Literature Review
Precipitation Data (extraction, manipulation, verification, comparison and
analysis)
São Paulo analysis on evapotranspiration and irrigation requirements
Torino analysis on evapotranspiration and irrigation requirements
Comparison and Conclusion
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2. Literature Review
2.1. Introduction
This chapter introduces the concepts behind the quantification of irrigation
requirements.
In 1998, FAO published a paper of extreme importance that is mainly used as
primary literature when confronting irrigation. The paper presented an updated
procedure for calculating reference and crop evapotranspiration from
meteorological data and crop coefficients. (3).

2.2. Evapotranspiration
In order to introduce the parameters used to calculate the necessity of artificial
irrigation, evapotranspiration needs to be studied.
It is the main factor that regulates how much water needs to inputed into the
ground. As the name already gives up it is formed by two natural processes:
Evaporation and Transpiration.
Evaporation is the natural process where water changes its status from liquid to
vapor.
The difference between the water vapour pressure at the evaporating surface
and that of the surrounding atmosphere is the force that removes water vapour
from the evaporating surface. (3)
Some other factors play an important role when considering evaporation, such
as solar radiation, wind speed, air humidity etc.
Evaporation tends to reach an equilibrium rate, when both pressures are
equalized, this equilibrium is disturbed by the natural phenomes quoted above.
Transpiration is a plant related process. The same process occurs with crops
where it predominately lose their water through stomata, small openings on the
plant leaf through which gases and water vapour pass.” (3)
Transpiration depends on the same factors that influence evaporation.
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Figure 1 - Evapotranspiration partition of a specific crop (3)

Evapotranspiration is the combined process between evaporation and
transpiration. It is usually calculated as a rate,in mm per time.
Evaporation and transpiration can occur simultaneously and there is no easy
way of distinguishing between the two processes. (3)
As it is explained in figure 1, evaporation occurs mainly when the crops are still
small, but, as time goes by, transpiration starts to play a much important role,
mostly because of the leafs.
The process to calculate the evapotranspiration is quite complicated, having
different ways to do it:
In order to calculate yearly (𝐸𝑇𝑎,𝑦 ) evapotranspiration the FAO (3) method will be
adopted, where:
𝐸𝑇𝑎,𝑦 = 𝐸𝑇𝑔 + 𝐸𝑇𝑏

(1)

Where:
𝐸𝑇𝑔 = 𝑔𝑟𝑒𝑒𝑛 𝑤𝑎𝑡𝑒𝑟 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
𝐸𝑇𝑏 = 𝑏𝑙𝑢𝑒 𝑤𝑎𝑡𝑒𝑟 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

Literature refers as green water for water that comes from rainfall. Instead, blue
water is water withdrawn from water bodies such as rivers or groundwater.
The major rationale for making a clear distinction between 'green' and 'blue'
water is that the two sources of water have different storage and usage
capabilities.
Green water is mostly stored inside the soil and has its main propose to
proportionate the crop growth. Whereas blue water can be stored in different
14

sites, such as lakes, natural aquifer, rivers and one of its mains examples is
irrigation.
The irrigation water that supports the plants is blue, thus it is important to
estimate it (4)
Equation 1 illustrates the total evapotranspiration of a crop during the growing
season in a year. Thus, in order to the obtain the value during the whole
growing period (GP), according to FAO’s (3) approach:
𝐺𝑃
𝐸𝑇𝑎,𝐺𝑃 = ∑𝐺𝑃
𝑖=1 𝐸𝑇𝑎,𝑖 = ∑𝑖=1(𝑘𝑐,𝑖 ∗ 𝐸𝑇0,𝑖 ∗ 𝑘𝑠,𝑖 )

(2)

Where:
𝐸𝑇𝑎,𝑖 = 𝑑𝑎𝑖𝑙𝑦 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
𝑘𝑐 = 𝑐𝑟𝑜𝑝 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
𝐸𝑇0 = reference evapotranspiration.
𝑘𝑠 = 𝑤𝑎𝑡𝑒𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡

All the above metrics show some sort of mutual dependence as indicated in the
following paragraphs.

2.3. 𝐸𝑇0
𝐸𝑇0 is the reference evapotranspiration. The FAO Penman-Monteith (3)

equation is responsible for better results.

The resistance factor are introduced 𝑟𝑎 (𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠) [𝑠 𝑚−1 ] and
𝑟𝑠 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒) [𝑠 𝑚−1 ]and the expression reads
𝜆𝐸𝑇 =

(𝑒𝑠 − 𝑒𝑎 )
𝑟𝑎
𝑟
∆ + 𝛾 (1+ 𝑠 )
𝑟𝑎

∆ (𝑅𝑛 −𝐺)+ 𝜌𝑎 𝑐𝑝

(3)

Also:
𝑒𝑠 − 𝑒𝑎 = 𝑉𝑎𝑝𝑜𝑢𝑟 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐷𝑒𝑙𝑡𝑎
𝜌𝑎 = 𝑀𝑒𝑎𝑛 𝐴𝑖𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦
𝑐𝑝 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐻𝑒𝑎𝑡 𝑜𝑓 𝑡ℎ𝑒 𝐴𝑖𝑟
∆ = 𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛
𝛾 = 𝑃𝑠𝑦𝑐ℎ𝑟𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝐸𝑇0 is the evapotranspiration in reference conditions: an hypothetical wellwatered reference crop with an assumed crop height of 0.12 m, a fixed surface
resistance of 70 s m-1 and an albedo of 0.23 (5)
By adopting the reference values and inserting them in the equation 3, the
following 𝐸𝑇0 equation is achieved
𝐸𝑇0 =

0.408 (𝑅𝑛 −𝐺)+ 𝛾

900
𝑢 (𝑒 − 𝑒𝑎 )
𝑇+273 2 𝑠

∆ + 𝛾 (1+0.34 𝑢2 )

[𝑚𝑚 𝑑𝑎𝑦 −1 ]

(4)

Where:
𝐸𝑇0 = 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑒𝑣𝑎𝑝𝑜𝑡𝑟𝑎𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
𝑅𝑛 = 𝑛𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑐𝑟𝑜𝑝 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 [𝑀𝐽 𝑚−2 𝑑𝑎𝑦 −1 ]
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𝐺 = 𝑠𝑜𝑖𝑙 ℎ𝑒𝑎𝑡 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 [𝑀𝐽 𝑚−2 𝑑𝑎𝑦 −1 ]
𝑇 = 𝑚𝑒𝑎𝑛 𝑑𝑎𝑖𝑙𝑦 𝑎𝑖𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑎𝑡 2 𝑚 ℎ𝑒𝑖𝑔ℎ𝑡 [℃]
𝑢2 = 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 2 𝑚 ℎ𝑒𝑖𝑔ℎ𝑡
𝑒𝑠 = 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑣𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 [𝑘𝑃𝑎]
𝑒𝑎 = 𝑎𝑐𝑡𝑢𝑎𝑙 𝑣𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 [𝑘𝑃𝑎]
∆= 𝑠𝑙𝑜𝑝𝑒 𝑣𝑎𝑝𝑜𝑢𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑐𝑢𝑟𝑣𝑒 [𝑘𝑃𝑎 ℃−1 ]
𝛾 = 𝑝𝑠𝑦𝑐ℎ𝑟𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [𝑘𝑃𝑎 ℃−1 ]

This final form of 𝐸𝑇0 be used at different times of the year or other regions, or
relate other crops to it.
The calculation of 𝐸𝑇0 of the FAO Penman-Monteith equation is a 4 step
procedure where it starts by the wind speed, altitude and air temperature
climatic parameters. After that we proceed to calculate (𝑒𝑠 − 𝑒𝑎 ) and 𝑅𝑛 and
finally acquire reference evapotranspiration.
It should be noted that the FAO Penman-Monteith equation requires several
parameters for its calculation. Also, it can be done for different time steps
(monthly, ten days, 24 hours and hourly). Higher the resolution of the data,
higher will be the accuracy of the results.

2.4. 𝑘𝑐
The crop coefficient allows to calculate evapotranspiration for specific crops in
some regions of the globe.
As already mentioned, calculation of 𝐸𝑇0 is based on the FAO PenmanMonteith equation. As stated from the FAO manual, the principal difference
between the two parameters is that 𝑘𝐶 shows the capability of differentiating
grass from other field crops.
The 𝑘𝐶 of grass include four different characteristics regarding to crop height,
reflectance of the crop surface, crop evaporation and resistance to vapor
transfers.
The first thing to clarify is the temporal variability along the crop growing
phases. From figure 2, four growth stages can be distinguished:
Initial Stage: it mainly goes from the crop planting to where it reaches 10% of
the ground cover. During this phase we observe small leafs and mainly
evaporation in the evapotranspiration process. 𝐾𝐶 may vary if we have wet or
dry soil (pause during wetting events)
Development Stage: it goes from 10% of the ground cover to the full crop
growth. As the crop starts to grow, and to create shadow, evapotranspiration
starts to migrate more from evaporation to transpiration. Thus, 𝑘𝐶 will vary
proportionally to the increase of transpiration, so increasing as the crop
growths.
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Mid-Season Stage: from full soil cover (end of phase 2) to start of maturation of
the crop. 𝑘𝐶 is at its max and it keeps constant.
Late Season Stage: maturity to harvest. We will observe that 𝑘𝐶 starts to get
lower behavior as there will be no more crop.

Figure 2 - Crop Growth (5)

According to FAO (3) methodology to The final form of 𝑘𝑐 is:
𝑘𝑐,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑖∗
𝑘𝑐,𝑖 =

𝑘𝑐,𝑚𝑖𝑑 − 𝑘𝑐,𝑖𝑛
i−𝐼𝐼

𝑘𝑐,𝑚𝑖𝑑
𝑘

(5)

−𝑘

𝑐,𝑚𝑖𝑑
𝑐,𝑖𝑛
{𝑖 ∗ i−𝐼𝐼 −𝐼𝐼𝐼 −𝐼𝐼𝐼𝐼

2.5. 𝑘𝑠
All the formulas listed so far take into account the standard conditions of the
soil, that are mainly encountered in good managed and well-watered fields.
Water has a low potential energy in dry soils and it is strongly bounded to the
soil matrix by capillary and absorptive forces, and it is not easily extracted by
the crop. (3)
17

𝑘𝑠 is the coefficient that describes water stress, the condition where soil water is
below a certain threshold. When 𝑘𝑠 < 1 reflects the water in stress conditions.
Before introducing its equation, it is valid to state some other parameters that
affect water stress condition

Figure 3 - Water balance on the root zone (3)

TAW is the total available water corresponding to the soil volume necessary to
recollect water for the crops.
Instead, RAW, readily available water is the part of TAW that the crop can use
without suffering water stress.
Following figure 3 the water stress coefficient equation can be introduced
following FAO (3) approach:
1 𝑖𝑓 𝑆𝑖 ≥ 𝑆𝑓𝑐 (1 − 𝜌𝑖 )
𝑆𝑖 − 𝑆𝑤
(1−𝜌𝑖 )(𝑆𝑓𝑐 − 𝑆𝑤 )

𝑘𝑠 =
{

𝑖𝑓 𝑆𝑤 < 𝑆𝑖 < (1 − 𝜌𝑖 )(𝑆𝑓𝑐 − 𝑆𝑤 )

(6)

0 𝑖𝑓 𝑆𝑤 ≥ 𝑆𝑖

Where
𝑆𝑖 = 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑖 𝑑𝑎𝑦 [𝑚𝑚] = 1000 (𝑆𝑓𝑐 − 𝑆𝑤 ) 𝑍𝑟 = 𝑇𝐴𝑊
𝑍𝑟 = 𝑟𝑜𝑜𝑡𝑖𝑛𝑔 𝑑𝑒𝑝𝑡ℎ [𝑚𝑚]
𝑆𝑓𝑐 = 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑎𝑡 𝑓𝑖𝑒𝑙𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 [𝑚𝑚]
𝑆𝑤 = 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑎𝑡 𝑤𝑖𝑙𝑡𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡 [𝑚𝑚]
𝜌𝑖 = 𝑑𝑒𝑝𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

These authors also recommend, in order to avoid crop water stress, irrigations
should be applied before or at the moment when the readily available soil water
is exhausted (3)
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During the development of the thesis the parameters that were analyzed in
depth were:
-

Total Evapotranspiration (𝐸𝑇𝑎 )
Irrigation Requirements (𝐸𝑇𝑏𝑙𝑢𝑒 )

These variables depend on the soil water balance through RAW and the main
driver for the variability is precipitation.
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3. Precipitation Data
3.1.

ERA 5
Precipitation data are necessary to integrate the discussed model. However, the
data collecting is a long process that require important information consisting of
the data and the way the collect has been done.
As previously informed, the source of information is the Copernicus
Programme, offered by the European Centre for Medium-Range Weather
Forecasts, also kwon as ECMWF.
The European Centre for Medium-Range Weather Forecasts is an independent
intergovernmental organization supported by 34 states. (6)
The important service provided by the ECMWF is the Copernicus Programme,
that uses satellite Earth Observation and in-situ data to provide information
services.
The Copernicus Programme have a lot of datasets but the one adopted in this
thesis was the ERA 5. This dataset is available inside the Climate Data Service,
also known as CDS.
The CDS provides a single point of access to a wide range of quality-assured
climate datasets distributed in the cloud. (7)
There, it is allowed access different datasets and have multiple climates
information on Earth, not only present but about the past and future estimations.
The selected font of information was the ERA 5, as earlier quoted, that is a
reanalysis of global weather and climate during the last seventy years.
Reanalysis in the sense of among all the observational data, the dataset works
with models to complete all kinds of climates information., such as:
Wind components

-

Precipitation
Vegetation cover
Temperature
Sea Level
And many others.
Figure 4 has a brief description of how the dataset is structured:

Figure 4 - ERA 5 Description (8)
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3.1.1 Data Extraction
For the data download, the user needs to create a login in the CDS page to
generate the CDS API key. After completing the login and in possession of an
API key, using Linux command window it can first need install python and then
install the CDS AP (annex 1).
A specific python code was elaborated for the purpose of access ERA 5 and
exctract a single variable from the dataset, total precipitation (annex 2).
All downloaded data was extracted in the ‘netcdf’ format beneficial to its
capacity when using MATLAB and CDO (Climate Data Operator).
The size of the file is approximate 150 GB and cointaned worldly total
precipitation from 1981 up to 2019, hour by hour.
Year of
Data

Downloaded at
Date

1981

06/09/2020 18:10

1982

07/09/2020 18:45

1983

07/09/2020 18:42

1984

20/10/2020 21:58

1985

09/09/2020 17:07

1986

12/09/2020 13:57

1987

10/09/2020 17:41

1988

12/09/2020 22:55

1989

15/09/2020 05:31

1990

15/09/2020 06:04

1991

16/09/2020 03:46

1992

18/09/2020 08:36

1993

23/09/2020 13:37

1994

19/09/2020 14:36

1995

21/09/2020 17:44

1996

23/09/2020 14:52

1997

24/09/2020 04:55
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1998

24/09/2020 22:57

1999

25/09/2020 21:44

2000

28/04/2021 02:14

2001

15/08/2020 19:41

2002

18/08/2020 17:08

2003

20/08/2020 21:29

2004

23/08/2020 04:58

2005

24/08/2020 02:10

2006

24/08/2020 20:03

2007

25/08/2020 04:56

2008

25/08/2020 17:59

2009

27/08/2020 16:52

2010

29/08/2020 16:23

2011

29/08/2020 16:37

2012

30/08/2020 16:00

2013

31/08/2020 21:31

2014

01/09/2020 16:10

2015

01/09/2020 15:57

2016

02/09/2020 05:21

2017

05/09/2020 23:38

2018

03/09/2020 22:24

2019

06/09/2020 17:21

Table 1 - Downloaded ERA 5 Data

It is important to register all the downloading dates from the CDS because ERA
5 is in permanent stage of up-to-date motion (Table 1)
3.1.2. Data Manipulation
In chapter 3.2. it was stated that every file had a mean size of 150GB, multiplied
it by the number of years 5.85 TB.
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Thus, to reduce the size of each file is necessary to manipulate all the data. The
downloaded data worked precipitation values for many hours but daily
cumulated values are also in need for the final conclusions of the paper.
A tool named Climate Data Operator, also known as CDO, is employed. This
software constitutes a collection of many operators for standard processing of
climate and forecast model data. (9)
CDO is a very simple and easy to learn software that allows the user to do the
transformation needed on every NetCDF files. The CDO is operated having in
mind two functions, to collect data on a daily basis and to better manipulate the
ERA 5 data.
cdo daymean –shifttime, -30 2006.nc day_2006.nc
CDO command ‘daymean’ provides a daily mean of the hourly data previously
downloaded, inside the ‘2006.nc’ file.
The command ‘-shifttime, -30’ is used because precipitation that happened at
midnight of the year before is actually allocated as the first value of the next
year. Example: every mm of water that felt during 23:00 31/12/2005 is allocated
as 1 string inside the 2006 value.
An example of why the usage of both commands is necessary is illustrated in
annex 3.
The final file has 365 entries where it contains worldly mean values of
precipitation for each day of the year. All these CDO manipulated files had an
average values of 7GB, 96% less than the downloaded value.
Since the final file for each year had a mean daily value, the last manipulation
done was to multiply each day by 24 in order to get cumulated daily
precipitation values.
Table 2 lists all the work necessary for the extraction and manipulation of the
precipitation data.

Prior to the Manipulation

After the Manipulation

Global

Global

Frequency of data

Hourly values of precipitation

Cumulated daily values

Number of entries

24*365=8780

365

Size

150 GB

7 GB

Format

NetCDF

NetCDF

Unit of measure

m / hour

m / day

Scale

Table 2 - Precipitation data manipulation
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3.1.3. ERA 5 Deep Dive
To better understand precipitation activity, a statistical analysis was performed
and a specific analysis were made at two locations, São Paulo and Torino.
The idea is to take a look on figures 5 that describe the overall behavior of the
precipitation in both places before examining the evapotranspiration.

Figure 5 - Precipitation Boxplot for São Paulo and Torino

The rain season in São Paulo occurs during the summer time, from January to
March, where mean values of precipitation may reach 319 mm per month.
From figure 5 one can see the gap that do exist between rainy and dry seasons,
with the average precipitation value for August reaching 91 mm/month. The
lowest value found in our data series pointed to exactly August of 2013 with 32
mm per month.
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During the 2013–2015 drought in Southeastern Brazil, the anomalously low
inflows to the Cantareira system caused reservoir storage to be reduced
beyond minimum operational level (13)
Differently from São Paulo, precipitation behavior on Torino follow a distinct
path. However, this latter region is also influenced by drastic rainfall events.
Although variable in seasons, Torino is a less wet area having maximum value
of the mean precipitation of 204 mm per month.
The difference in precipitation for both locations can also be emphasized by the
amount of rainy days. For this purpose, a rainy day is defined as a day having
more than 0.1 mm of daily precipitation.
São Paulo has a higher amount of rainy days in comparison to Torino and, also,
a more constant period of rain. A mean value of 334 days of precipitation per
year is registered for the city and only of 275 for Torino.
The hemisphere position for both locations exerts an important influence on the
precipitation
A common feature to both places is the so-called urban heat island (UHI), a
known meteorological and climatic state where the air over urban areas is
heated more than the normal pattern to due to the lack of cooling vegetation or
to the high concentration of machines
São Paulo is prone to severe weather with major impacts on society given its
steady urban growth in the past decades with microclimate changes (10)
Also Torino suffers from the presence of a UHI effect over the city (11)
São Paulo is located in an Atlantic forest biome and it is deeply affected by its
proximity to the ocean, causing heavy rainfalls events. Not only, but São Paulo
is characterized by extreme dry events.
Over the last years both events show clear tendency of presenting a positive
trend

Figure 6 –Yearly Cumulated Precipitation for São Paulo and Torino
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The increase in total precipitation is related to the increase in frequency of
extreme precipitation, nevertheless also the consecutive dry days number have
increased (12), observed in figure 6.

Figure 7 - Rainy Days for São Paulo and Torino

The selected locations have different patterns of behavior and that is the main
reason for its choice.
Precipitation has a tremendous influence on irrigation requirements, as it will be
highlighted further in the discussion.
Concluding, São Paulo is a more wet area with mean values of precipitation and
rainy days higher than Torino. Also, São Paulo presents a higher gap
separating rainy (January to March) of non-rain time, that also reflects the larger
number of droughts among the years and the smaller values of precipitation
during the drought seasons.
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3.2.

Data Comparison

3.2.1. CRU
In this section another dataset is going to be briefly introduced. This is provided
by the Climatic Research Unit (CRU) of University of East Anglia and it is a
commonly used dataset for many climate variables. It contains data collected
from over 4000 weather stations.
In order to have a control parameter with the ERA 5 precipitation data, it was
decided to compare and analyze the results from a ground dataset (CRU) with a
satellite dataset (ERA 5).
Thus, the main goal of this analysis was to observe if differences existed and
how much both datasets differ from each other.
3.2.2. ERA 5 vs CRU
CRU data was already downloaded as millimeters per month over a global grid
with 360x720 cells
As for ERA 5 data the unit of measure was meters per day, as described in
table 3. Thus, the necessary manipulation in order to compare with CRU
dataset was to aggregate the data into m per month and then transforming it
into mm per month.
Also, ERA 5 dataset have a 4320x2160 grid, besides the unit of measure
manipulation, a grid reduction was necessary.

Figure 8 – CRU vs ERA 5 grid

In conclusion, in order to compare both satellites, another round of data
manipulation was necessary on ERA 5 data.
Annexes 4 to 7 shows how, for each dataset, data is imported on Matlab and
how it was manipulated in order to be able to compare both.
Table 3 sums up the necessary effort done in order to begin the comparison
between both datasets.
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CRU

ERA 5

Action

Grid

360 x 720

4320 x 2160

Group 6x6 ERA5 cells

Orientation

360 x 720

4320 x 2160

Rotate anticlockwise and flip ERA 5

mm / month

m / day

Group daily values into monthly values for
ERA 5 and transform into mm

Unit of
Measure

Table 3 - ERA 5 vs CRU Manipulation

The comparison analysis was done in two steps. The first steps consider three
different years were selected at random and for each year a specific location on
both matrices also was selected. The objective was to prove that if randomly
selecting point inside the dataset, CRU and ERA % would have similar results.
The second step consider a 20-year period but focused only on São Paulo and
Torino
The three location and years are shown in table 6:
Point on 360x720 grid

Year

90,375 (Torino)

1993

227,267 (São Paulo)

2003

109,639 (Tokyo)

2017

Table 4 ERA 5 vs CRU First Comparison Test

All delta variables inside this analysis considers CRU minus ERA 5.
ERA5 dataset always tends to give higher peaks than CRU, as highlighted in
figure 9. Nonetheless, both datasets present the same pattern of behavior,
In the early months of 1993, January to April, there is a significant increase of
precipitation phenomena. Both dataset explicitly demonstrate it but ERA 5 tends
to have higher values, reaching its maximum delta from CRU on April.
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Figure 9 - ERA 5 vs CRU Comparison at Torino on 1993

Figure 10 highlights the last paragraph, the largest difference between the two
datasets is on April, where 100mm of precipitation is perceived between both
datasets.

Figure 10 - ERA 5 vs CRU Delta at Torino on 1993

Although the difference between CRU and ERA 5 is always constant, table 7,
shows that it very marked when considering single year in different points of the
datasets. The maximum 5 of error was 13.09% with monthly mean errors of 25
mm per month.
Annexes 8 up to 12 presents the graphical results for São Paulo and Tokyo and
a script example of how the comparison was made.
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Location

CRU
ERA 5
(mm/year) (mm/year)

Monthly
Mean
Error

Overall
Delta

Mean of
both
Dataset

Overall
Delta % of
Mean

Torino 1993

1,574.40

1,788.34

-17.83

-213.94

1,681.37

-12.72%

São Paulo 2003

1,201.10

1,278.56

-6.45

-77.46

1,239.83

-6.25%

Tokyo 2017

1,331.20

1,517.66

-25.47

-186.46

1,424.43

-13.09%

Table 5 - CRU vs ERA5 First Comparison Summary

Figure 11 illustrates what said in the earlier paragraph. 2017 have the lesser
amount of mean error per month, up to -5.46 mm of precipitation. This means
that ERA 5 have higher values than CRU.
By taking into account a mean precipitation monthly value for both datasets (by
sampling summing all values and diving by 12 entries) and using the mean
monthly error, the percentages of error start from 11.96% for 1993 and goes to
5.17% on 2017.

Figure 11 - CRU vs ERA Torino 3 Years Comparison

ECMWF is always improving their methods of calculations and providing
reanalyzes on their datasets by optimally combining observations and models,
providing representation of the main Earth system cycles (e.g. water, energy)”
(14)
Figure 12 exemplifies how technology improved data quality, not only by
enhancing the models but also adding new and innovative tools.
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Figure 12 - Usage of Data on ERA 5 (14)
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The usage of a particular satellite instrument, ground-based radar or a specific
source of conventional data is represented by the horizontal bars represents.
For instance, 2017 data have a great deal more instruments, thus it is safe to
conclude that ERA 5 and CRU differences tend to decrease with passing of
time, as highlighted in figure 12.
As previously said, two comparison analysis were done, the first was already
described, the second was done by enlarging the scale of time of the
comparison.
A larger period of time was selected and then compared both CRU and ERA 5.
Time frame chosen was from 1990 to 2010. This time only São Paulo and
Torino were the decided locations.

Figure 13 - Twenty Years Comparison Boxplot CRU and ERA 5 for São Paulo

The results on figure 13 confirm what previously stated. Differences do exist
between both datasets but overall behavior follows the same trend.
Also, ERA 5 have higher values when compared to CRU. Figure 13 shows not
only higher mean values but higher outliers and range of data.
Annexes x from x illustrate the script and other graphs resulting from the 20
years’ analysis.
Although there are minor differences between ERA 5 and CRU, it was decided
to proceed with full ERA 5 downloaded data.
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3.3.

Crop Selection

As described in table 4, downloaded data is on a global scale. In this section,
crop and location of future analysis are going to be explained.
Evapotranspiration and irrigation requirements are process that are specific for
each crop, as highlighted in section 2.2.
Although two locations were priory selected, São Paulo and Torino, specific
crops needed to be selected. The aim of this section is to demonstrate how and
why each crop was selected.
In order to proceed with the selection, MIRCA2000 dataset was used. It is a
monthly dataset that offers rainfed and irrigated crop areas for 26 main crop
classes with 5 arc minutes of spatial resolution.
Since the city of São Paulo cover a large area, 3 different points were selected.
The goal was to select 3 crops are cultivated in both São Paulo and Torino,
being 1 perennial crop (cultivated all year) and the remaining seasonal crops
(cultivated on certain months)
The y axis on figure 16 represents the irrigated area on each location selected.
The number inside the parenthesis on the x axis represent the point on the ERA
5 4320x2160 matrix.
Even though the obvious choice would be select São Paulo 1 because of its
high amount of irrigated maize areas, other common crops with Torino had very
low amounts of irrigated area.
2500

2000

1500

1000

500

0
São Paulo 1 (1344, 1597)

São Paulo 2 (1344, 1596)

São Paulo 3 (1353, 1604)

Torino (541, 2252)

wheat
sunflower
sugar_cane
sugar_beets
soybean
sorghum
rye
rice
rape_seed
pulses
potato
others_perennial
others_annual
oil_palm
millet
maize
groundnuts
grapes
fodder_grasses
date_palm
cotton
coffee
cocoa
citrus
cassava

Figure 14 - MIRCA2000 Crop Selection
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Thus, the selected location to was Sao Paulo 2 and the selected crops are
listed in table 6. Each value represents acres of irrigated area.

São Paulo 2 (1344, 1596)

Torino (541, 2252)

Wheat

0.75

51.43

Maize

142.22

551.61

Citrus

172.26

40.27

Table 6 - Selected Crops
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4. Temporal Variability Analysis
4.1.

Introduction

After collecting all the necessary precipitation data and selecting the specific
crops and locations, the next steps is to feed all this information inside an
already existing evapotranspiration model.
The model in question was previously developed by Matteo Rolle, PhD student
at Politecnico di Torino.
The model calculates the irrigation requirement using a soil-water balance on
land equipped for irrigation (15)
It takes daily cumulated precipitation values and generates the following results,
taking into consideration the reference evapotranspiration, soil parameters and
crop characteristics:




Evapotranspiration (ET blue + ET green)
Irrigation Requirements (ET blue)
Soil Moisture

At section 3.3 it was detailed that the development of this thesis would only take
into consideration four crops (table 6): Wheat, Maize and Citrus.
Thus, the outputs of the model used to generate every analysis in this section
are daily cumulated values of each of the stated metrics.
The irrigation requirement for wheat at São Paulo is a 39x366 matrix, where 39
is the number of years analyzed (1981 up to 2019) and 366 is the maximum
number of days in a year, counting bissextile years.
Annex 17 shows an example of data disposal by the model
The structure of the chapter is:
-

Analyze results for São Paulo
Analyze results for Torino
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4.2.

São Paulo Results

4.2.1. Evapotranspiration
In order to have a global visualization of the overall time series behavior of all
crops, plots like figure 15 were constructed to have a brighter view of possible
clear patterns.

Months

Figure 15 - Monthly Evapotranspiration for Wheat at São Paulo

As the color bar explicitly shows, older years have a blue line going up to the
yellow line in more recent years. From this figure, a clear pattern can be
observed: evapotranspiration for wheat in São Paulo has been increasing over
the years.
The same increasing behavior can be observed in the plots for citrus and
maize.
Taking a closer look at the data, table 8 illustrates better the overall behavior
over the years for wheat.
It considers mean values of daily mean evapotranspiration for every nine years.
Calculating the percentage of one group year to another, May presented the
lowest mean of increase with 0.399% and September the highest with 4.119%

1981-1990

1991-2000

2000-2009

2010-2019

May

0.310

0.300

0.318

0.313

June

1.156

1.171

1.228

1.211

July

2.280

2.342

2.429

2.440

August

2.931

3.015

3.120

3.120
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September

2.795

2.796

2.934

3.150

October

0.752

0.753

0.763

0.814

Table 7 – Wheat Monthly Mean Evapotranspiration at São Paulo

Results for citrus and maize are presented in annexes 20 and 21.
Citrus is a perennial crop, the lowest values of the mean came from February 0.7029% and June obtained the highest percentage of increase with 0.8979%
over the 9 years clusters.
Maize, on the other hand, is a seasonal crop with evapotranspiration values
from November up to April. The highest mean value percentage attained was
for December with 0.7270% and the lowest was on February with -0.6795%
Even though evapotranspiration and irrigation requirements have strong
correlation, it is necessary to study irrigation requirements time series in order
to determine its pattern over the years.
Since irrigation requirements depend on evapotranspiration, analyze the global
behavior can give a glimpse of its overall conduct.
In order to prove this condition, a correlation analysis between
evapotranspiration and irrigation requirement was done for all crops chosen that
are present in the São Paulo region (wheat, citrus, and maize).
When data are correlated the change in the magnitude of 1 variable is
associated with a change in the magnitude of another variable. (16)
Figure 16 is one of the three correlation analyses made. It explicitly shows that
for wheat in São Paulo there is a strong and positive correlation between
evapotranspiration and irrigation requirements.
Although already stated by equation 1, a strong and positive Pearson
correlation coefficient means that as evapotranspiration values increase, also
irrigation requirements will.
The Pearson correlation coefficient R is calculated following equation (17);
𝑅=

∑𝑛𝑖=1(𝑦𝑖 − y) ∗ (𝑥𝑖 − x)
√[∑𝑛𝑖=1(𝑥𝑖 − 𝑥)2 ] ∗ [∑𝑛𝑖=1(𝑦𝑖 − 𝑦)2 ]
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Figure 16 - Correlation between Evapotranspiration and Irrigation Requirements for Wheat at São Paulo

Table 7 sums up the correlation values for all crops at São Paulo
Crop

R

Correlation Strength

Wheat

0.8660

very strong

Citrus

0.6089

strong

Maize

0.8437

very strong

Table 8 – Pearson’s Correlation Coefficients for Crops at São Paulo

.
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4.2.2. Irrigation Requirements

Figure 17 - Irrigation Requirements Time Series for São Paulo

As shown in figure 17, all three crops present positive values of the angular
coefficient.
To verify that irrigation requirements present a temporal trend over the years, a
statistical test was done, the t-student test.
It is a famous statistical hypothesis test that has the goal of determining if two
variables are dependent on one another.
The null hypothesis (𝐻0 ) to test is that irrigation requirement and years are not
linearly dependent.
Since the time series consists of 39 values and the significance chosen was
99.75%, 𝑡𝑙𝑖𝑚 = 2.023 selected based on the t-student critical table on annex 22.
Wheat

Citrus

Maize

57.249

17.654

7.896

8,678.392

4,620.930

3,187.282

1.757

0.935

0.645

b0

-3,456.270

1,853.168

-1,282.502

sig2

1,770.425

635.097

561.977

2.935

2.609

1.913

Rejected

Rejected

Accepted

Mean
Sxy
b1

T
𝑯𝟎 Hypothesis (𝒕𝒍𝒊𝒎 < 𝑻)

Table 9 - T Student Results for Irrigation Requirements at São Paulo
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Table 9 values were calculated accordingly to Student (18)
(8)

𝑏0 = 𝑦 − 𝑏1 ∗ 𝑥
𝑏1 =

∑𝑛
𝑖=1(𝑦𝑖 − 𝑦)∗ (𝑥𝑖 − 𝑥)
2
∑𝑛
𝑖=1(𝑥𝑖 − 𝑥)

=

𝑆𝑥𝑦

(9)

𝑆𝑥𝑥

𝑆𝜀 = ∑𝑛𝑖=1 (𝑦𝑖 − 𝑏0 − 𝑏1 − 𝑥𝑖 )2 = ∑𝑛𝑖=1 𝜀 2
𝜎𝜀2 =
𝑇=

(10)

𝑆𝜀

(11)

𝑛−2
𝑏1

(12)

𝜎2
√( 𝜀 )
𝑆𝑥𝑥

The results of the t student test, table 9, highlight those irrigation requirements
for wheat and citrus that have been growing over the analyzed years in a
statistically significant way.
Although t student test shows important results, other topics need to be
addressed.
Almost all the peaks years with maximum irrigation requirements for wheat are
also maximum the for citrus: 1994, 2003, 2007, 2014.
As illustrated in chapter 3.1.3, 2014 was a very difficult drought year for São
Paulo in terms of precipitation, this also may affect irrigation requirements.
Maize presents 0 values of irrigation requirements over the years for 75% of the
time series (29 out of 39).
The number of years with zero irrigation requirements has changed over the
analyzed period.
1981-1990

1991-2000

2001-2010

2011-2019

Wheat

6

4

1

0

Citrus

8

6

3

3

Maize

9

10

7

3

Table 10 - Years with zero Irrigation Requirements for São Paulo

Every single crop shows a decrease of years with zero irrigation requirement
over a nine-year period.
For wheat and maize, every nine years there may be a mean drop of 2 years
that will need irrigation requirements. For citrus, the mean values are 1.67
years.
While an increase of irrigation requirement volume is observed along the years,
for wheat and citrus, there is a need to observe if such pattern exists for days of
necessary irrigation requirements
Thus, a correlation study between both metrics was done and results are shown
in table 11.
Angular Coefficient

R
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Wheat

0.3243

0.9872

Citrus

0.4716

0.9950

Maize

0.2592

0.9942

Table 11 - Correlation between Irrigation Requirements and days of Necessary Irrigation Requirements at
São Paulo

As previously defined, all three crops present very strong correlation
coefficients. It means that while irrigation requirements grow also the days of
necessary irrigation requirements increase.
4.2.3. Days of Necessary Irrigation
A day with necessary irrigation requirement is when irrigation requirement for
that day is greater than zero.
Figure 18 illustrates the overall behavior of all crops. In order to verify the
temporal trend for days of necessary irrigation, an additional t student test was
performed, with results in table 12.

Figure 18 - Time Series of Days of Necessary Irrigation for São Paulo

Wheat

Citrus

Maize

18.538

8.667

2.154

2,882.000

2,243.000

785.000

b1

0.583

0.454

0.159

b0

1,148.263

-899.430

-315.660

190.063

141.358

38.604

Mean
Sxy

sig2
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T
𝑯𝟎 Hypothesis (𝒕𝒍𝒊𝒎 < 𝑻)

2.974

2.684

1.798

Rejected

Rejected

Accepted

Table 12 - T Student Results for Days of Necessary Irrigation at São Paulo

Days of necessary irrigation follow the same pattern of temporal trend as for
Irrigation requirements, also explained by their strong correlation.
Thus, wheat and citrus present an increased value of day with necessary
irrigation over the analyzed period.
By taking a closer look at each crop, since they do not have the same growing
seasons, some particularities were found.
Wheat:
Has a growing season that runs between August and October, being a seasonal
crop.
September is the month that needed most irrigation, not only in terms of volume
(mm) but also in number of days, 39 mm/month, and 12 days of necessary
irrigation on average. It represents an average of 70% of the total mm of
irrigation and days of necessary irrigation.
The worst year in terms of mm of irrigation was 2017 with 97.95 mm/month over
28 days, almost 3,5 mm/day of irrigation.
While the worst year in terms of days of necessary irrigation was 2007 with 30
days of necessary irrigation and 90.65 mm/month, 3.02 mm/day on average.
The overall behavior of irrigation requirement and days of necessary irrigation
both presented growth with mean values of 1.03 mm/month and 1.03 days
respectively, year by year.
Citrus:
Although it is a full-year crop (or permanent crop), irrigation requirement is only
needed between July and November.
Again, September is the critical month with, on average, 4 days of necessary
irrigation and 9.10 mm/month. It represents 58.77% of total days of irrigation
and 59.96% of total volumes of irrigation, meanly.
The worst month in terms of mm of irrigation was September 2010 with 49.05
mm/month over 26 days, almost 1.89 mm/day of irrigation. September 2010 is
also the worst period when taking into consideration days of necessary irrigation
The overall behavior of irrigation requirement and days of necessary irrigation
both presented growth with mean values of 0.33 mm/month and 0.61 days
respectively, year by year.
Maize:
Maize is a seasonal crop, irrigation requirement is only needed between
January and April.
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February is the critical month with, on average, 1 day of necessary irrigation
and 4.12 mm/month. It represents 42.68% of total days of irrigation and 44.31%
of total volumes of irrigation, meanly.
February 2014 has the worst values both of irrigation requirements and days of
necessary irrigation with 71.84 mm/month over 14 days, almost 5.05 mm/day of
irrigation.
The overall behavior of irrigation requirement and days of necessary irrigation
both presented growth with mean values of 0.28 mm/month and 0.29 days
respectively, year by year.
4.2.4. Distribution Fitting
In order to fully understand the comportment of the time series of the present
crops, a goodness of fit test was done using Pearson’s Chi-Square Test (19)
It is used to understand which set of events are occurring at the same
frequency or if they follow a predetermined known distribution.
It was done to verify whether the irrigation requirements data for wheat, citrus,
and maize fit one of the following distributions: Normal, Lognormal, or Gumbel.
The first step is to determine the number of classes (k), probability inside each
class (q) and the expected number of elements (𝐸𝑖 ).
The test is called Pearson’s because when calculating the number of classes k,
Pearson’s equation will be applied.
Thus,
𝑘 = 2 ∗ 𝑖 0.4

(13)

i is the number of values inside the distribution. Since the analysis was done
with cumulated yearly values of irrigation requirement, i is equal to 39 (years
inside distribution)
𝑞=

1

(14)

𝑘

(15)

𝐸𝑖 = q ∗ i
In order to test the goodness of fit for each distribution, class limits need to
calculated.
𝑥lim 𝑁𝑜𝑟𝑚𝑎𝑙 = [𝜃1 + 𝜃2 ∗ Φ−1(𝐸𝑖 )]
𝑥lim 𝐿𝑜𝑔 𝑁𝑜𝑟𝑚𝑎𝑙 = 𝑒

(16)

[𝜃1 +𝜃2 ∗Φ−1 (𝐸𝑖 )]

(17)

𝑥lim 𝐺𝑢𝑚𝑏𝑒𝑙 = [𝜃1 + 𝜃2 ∗ Φ−1 (𝐸𝑖 )]

(18)

Where 𝜃1 and 𝜃2 are distribution parameters and Φ−1 is the norm inverse
Thus, table 13 sums up all the necessary parameters to proceed with the test
application.

Parameter

Wheat

Citrus

Maize
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k

9

7

6

q

0.1111

0.1429

0.1667

𝐸𝑖

4.3333

2.7143

1.6667

𝜃1,𝑛𝑜𝑟𝑚𝑎𝑙 = 𝜇

79.7395

36.2365

30.7944

𝜃2,𝑛𝑜𝑟𝑚𝑎𝑙 = 𝜎

33.6301

28.8934

41.8969

4.2969

3.3440

2.9035

0.4046

0.7015

1.0236

64.6098

36.2365

30.7944

26.2213

22.5281

32.6668

2

𝜃1,𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 = ln(𝑥) − 0.5 ∗ [ln (𝑠 2 / 𝑥 )]
2

2
𝜃2,𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 = √ln(1 + 𝑠 2 / 𝑥 )

2

𝜃1,𝐺𝑢𝑚𝑏𝑒𝑙 = 𝑥 − 0.5772 ∗ 𝑠 ∗ ( √6 ∗ 𝜋)
2

𝜃2,𝐺𝑢𝑚𝑏𝑒𝑙 = 𝑠 ∗ ( √6 ∗ 𝜋)
Table 13 - Distribution Parameters for São Paulo

All the parameters In table 13 were calculated according to the Statistical
Hydrology handbook (20):
𝜇, 𝑥 are the distribution and sampling mean.
𝜎, 𝑠 are the distribution and sampling standard variation.
Defined the classes limits for each crop, it is necessary to attribute each value
inside the distribution to its correspondent class.
At this point the chi-squared test was applied. It consist on calculating the
squared difference between the observed values (𝑂𝑖 ) and the expected number
of elements (𝐸𝑖 ) and divide it by 𝐸𝑖 . The final result is a summation for all
classes, as showed in equation 13:
χ2 = ∑𝑘𝑖=1

(𝑂𝑖 −𝐸𝑖 )2
𝐸𝑖

(13)

In order to reject or accept the null hypothesis (𝐻0 ), χ2𝑙𝑖𝑚 is compared with χ2 for
each distribution.
χ2𝑙𝑖𝑚 is calculated by taking into consideration:
-

𝑑𝑜𝑓 = 𝑘 − 𝑠 − 1
𝛼 = 0.05

Where 𝑑𝑜𝑓 are the degrees of freedom, s is the number of expected parameters
(=2 in this test) and 𝛼 is the level of significance of that 𝐻0 is rejected.
Thus, these values are used as input to get χ2𝑙𝑖𝑚 from the chi square distribution
table, illustrated in annex 29.
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If χ2 ≤ χ2𝑙𝑖𝑚 , 𝐻0 is accepted, therefore sample data (yearly volumes of irrigation
requirement) fit well, within the level of significance, the known distribution.
Wheat

Citrus

Maize

𝑑𝑜𝑓

6

4

3

χ2𝑁𝑜𝑟𝑚𝑎𝑙

6.538

5.684

11.599

χ2lim

12.591

9.488

7.815

𝐻0 𝑁𝑜𝑟𝑚𝑎𝑙

accepted

accepted

rejected

𝜒 2𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙

9.308

9.368

4.400

2
𝜒𝑙𝑖𝑚

12.591

9.488

7.815

𝐻0 𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙

accepted

accepted

accepted

𝜒 2𝐺𝑢𝑚𝑏𝑒𝑙

8.385

6.421

9.200

2
𝜒𝑙𝑖𝑚

12.591

9.488

7.815

𝐻0 𝐺𝑢𝑚𝑏𝑒𝑙

accepted

accepted

rejected

Table 14 - Chi Squared Test Results São Paulo

Table 14 lists the results of the tests for all crops.
4.2.5. Conclusion
In conclusion, it was observed in this chapter that wheat and citrus have a
similar behavior. Both crops show temporal trends for yearly volumes of
irrigation requirements and days of necessary irrigation. Also, both fitted well for
all three analyzed distribution
On the other hand, maize presented different pattern. Did not have a temporal
trend for yearly volumes of irrigation requirements or days of necessary
irrigation and the only distribution that fitted its samples was the Lognormal
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4.3.

Torino Results

4.3.1. Evapotranspiration
In this chapter the results of the analysis made for Torino will be presented and
commentated.

Figure 19 - Monthly Evapotranspiration for Wheat at Torino

From figure 19 there is no clearly visual pattern of increasing
evapotranspiration. Although for April to May, some increasing values may be
observed, the same pattern does not repeat itself over the next months.
Citrus and maize, show similar behavior where in the first months of crop
evapotranspiration it seems there is an increasing value, but in the final months,
this pattern cease to exists.
Important to denote that middle 2000s (green lines) assume the highest values,
that may be a response of the heat wave already commentated.
The same 9-year monthly analysis done for São Paulo, with results on table 16,
was performed for Torino
1981-1990

1991-2000

2001-2010

2011-2019

2003

April

0.957

0.963

0.970

0.996

1.040

May

2.439

2.459

2.457

2.499

3.098

June

2.922

2.931

2.882

2.900

3.971

July

4.420

4.501

4.496

4.440

4.958

August

4.527

4.579

4.643

4.705

6.083

September

1.168

1.191

1.180

1.166

1.139

Table 15 - Wheat Monthly Mean Evapotranspiration at Torino
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Results in table 16 are mm/day of evapotranspiration.
In order to be able to compare crops behavior in both location, the same
skeleton of analysis made for São Paulo were applied to Torino.
Starting by calculating the correlation between evapotranspiration and irrigation
requirement for crop at Torino (Figure 20)

Figure 20 - Correlation between Evapotranspiration and Irrigation Requirements for Wheat at Torino

As for São Paulo, wheat at Torino also presents high correlation between both
metrics.
The outlier year in figure 21, is 2003. Important to highlight that this specific
year because it was when an extraordinary high temperature wave hit Europe.
Piedmont, region where Torino is situated, reported highest mean summer
temperatures since the beginning of the data collection (21).
As seen in chapter 1, very high temperatures also affect evapotranspiration and
consequently, irrigation requirements.
Table 15 sums up the Pearson correlation values for each crop.
Crops

R

Correlation Strength

Wheat

0.7678

strong

Citrus

0.5707

moderate

Maize

0.8254

very strong

Table 16 - Pearson Correlation Coefficients for Torino
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There is no clear increasing behavior of evapotranspiration over a 9-year period
by noting table 16.
Accordingly, to what previously written, April presents the highest increase
percentage, with a mean value of 1.315%. June had the highest decrease with
mean values of -0.252% for wheat.
The same pattern of increase values on the beginning of crop season and
decrease reaching the end of the season is observed for citrus
It lowest mean of evapotranspiration over a 9-year period was on October 1.503%, eleven months into its season since it is a full year crop. On the other
hand, the highest value was observed on February, right at the start of the year,
with 2.283%.
Maize season start on April and finish on September. It highest mean
percentage value over a 9-year period is on April (1.315%) and the lowest on
September (-0.140%)
Graphs and 9-year mean values table for citrus and maize are listed in the
annex.
4.3.2. Irrigation Requirements
Following São Paulo’s analysis, figure 21 has the time series of irrigation
requirements for all 3 crops.

Figure 21 - Irrigation Requirements Time Series for Torino

Recalling what stated for the 2003 spike in temperature, there is a significant
change in the time series after it.
Mean values of cumulated irrigation requirements for wheat before 2003 are
around 96 mm/year. Mean values considering only from 2003 up to 2019 is 128
mm/year. It means a 33.62% difference in total cumulated irrigation
requirements if the time series is split around that year.
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For citrus and maize, the percentage increase is 92.22% and 22.10%
respectively.
Cultivation in 2003 suffered from various problems, caused by the heat wave,
not only due to the high temperatures but also from reduction on water
availability (21)
This could mean that 2003 had an impact not only on that year, but years to
follow.
By only analyzing the values of the angular coefficient of the regression line for
all three plots, it seems that there is no temporal trend.
Also, the regression line itself do not follow any upwards or downwards trend,
meaning that irrigation requirements does not appear to show any increase, or
decrease, over the analyzed period.
In order to test linear dependency between time and irrigation requirements, a tstudent test was applied, results are in table 17.
Since the parameters are the same as for the São Paulo test, 𝑡𝑙𝑖𝑚 = 2.023.
Wheat

Citrus

Maize

Mean

110.675

22.760

159.601

Sxy

1061.200

15.440

2145.280

b1

0.003

0.434

0.215

b0

-318.952

16.508

-708.925

sig2

7823.700

1969.200

6773.500

0.171

0.005

0.371

Accepted

Accepted

Accepted

T
𝑯𝟎 Hypothesis (𝒕𝒍𝒊𝒎 < 𝑻)

Table 17 - T Student Results for Irrigation Requirements at Torino

As expected, all crops passed the test. As to say that irrigation requirements,
under the here stated conditions, does not show grow or decrease trends
between 1981 and 2019.
Nevertheless, it is still important to take a closer look on the behavior of the
days of necessary irrigation.
4.3.3. Days of Necessary Irrigation
A day with necessary irrigation requirement is when irrigation equipment for that
day is greater than zero.
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Figure 22 - Time Series of Days of Necessary Irrigation for Torino

2003 also represented a peak in days of necessary irrigation. The mean
number of days of necessary irrigation, without 2003, for wheat is approximately
26, that year it was necessary 98 days of irrigation
Wheat season goes from April to September, 183 days. 26 days of irrigation
represent 14.20% of the total season. In 2003 that percentage spiked at
53.56%, 39% more.
For citrus and maize this delta is 17.15% and 23.07% respectively.
Angular coefficients of time series for days of necessary irrigation do not show a
temporal increase of it but, in order to have a statistical tool to verify it, another
t-student test was applied.
Wheat

Citrus

Maize

28.744

10

36.743

71

-115

71

b1

-0.021

-0.023

0.0144

b0

70.444

56.558

7.998

sig2

445.440

275.117

253.363

-0.069

-0.098

0.063

Accepted

Accepted

Accepted

Mean
Sxy

T
𝑯𝟎 Hypothesis (𝒕𝒍𝒊𝒎 < 𝑻)

Table 18 - T Student Results for Days of Necessary Irrigation at Torino

As anticipated, none of the crops show a significant temporal trend for days of
necessary irrigation.
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It is also important to highlight some other aspects about each crop.
Wheat:
Only have days of necessary irrigation between April and September, being a
seasonal crop.
August is the month that needed most irrigation, not only in mm but also in
days, 61 mm/month, and 14 days of necessary irrigation on average. It
represents an average of 58.57% of the total mm of irrigation and days of
necessary irrigation.
The worst period in terms of mm of irrigation was August 2003 with 151.669
mm/month over 29 days, almost 5.3 mm/day of irrigation.
It also the worst period in terms of days of necessary irrigation, only two days
did not need irrigation.
Citrus:
Although it is a full-year crop, irrigation requirement is needed between March
and November.
Again, August is the critical month with, on average, 3.71 days of necessary
irrigation and 8.86 mm/month. It represents 46.70% of total days of irrigation
and 48.38% of total volumes of irrigation, meanly.
Differently from wheat, the worst period in terms of mm of irrigation and days of
necessary irrigation was July 2006, with 93.01 mm/month over 28 days, almost
3.32 mm/day of irrigation.
Maize:
Maize is a seasonal crop, irrigation requirement is only needed between June
and September.
If considering mm/month of irrigation, historically, July is the worst year with
73.50 mm/month of irrigation requirement. While looking at days of necessary
irrigation, August have a higher value of 17.5 days of necessary irrigation
against 14.4 of July.
July 2006 has the worst values for irrigation requirements with 188.28
mm/month and 29 days of necessary irrigation. It is not the worst period overall
only because in July 2003 30 days of necessary irrigation were required.
While July 2006 had 6.49 mm /day of irrigation requirement, July 2003
presented 5.45 mm/day.

4.3.4. Distribution Fitting
With the same intentions of chapter 4.3.4, a chi squared test was applied in
order to evaluate if cumulated yearly values of irrigation requirements fit one of
three known distributions: normal, lognormal or Gumbel.
The procedure adopted was the same used for São Paulo and the distribution
parameters are showed in table 19
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Parameter

Wheat

Citrus

Maize

k

9

7

9

q

0.1111

0.1429

0.1111

𝐸𝑖

4.3333

2.5714

4.3333

𝜃1,𝑛𝑜𝑟𝑚𝑎𝑙 = 𝜇

110.6754

49.3129

159.6092

𝜃2,𝑛𝑜𝑟𝑚𝑎𝑙 = 𝜎

87.3143

53.8477

87.3143

4.4646

3.5057

4.9572

0.6956

0.8860

0.4806

71.3491

25.0876

123.005

68.0790

41.9849

63.4379

2

𝜃1,𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 = ln(𝑥) − 0.5 ∗ [ln (𝑠 2 / 𝑥 )]
2

2
𝜃2,𝑙𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙 = √ln(1 + 𝑠 2 / 𝑥 )

2

𝜃1,𝐺𝑢𝑚𝑏𝑒𝑙 = 𝑥 − 0.5772 ∗ 𝑠 ∗ ( √6 ∗ 𝜋)
2

𝜃2,𝐺𝑢𝑚𝑏𝑒𝑙 = 𝑠 ∗ ( √6 ∗ 𝜋)
Table 19 - Distribution Parameters for Torino

Thus, after diving and attributing the data sample into the calculated classes,
the chi squared test was applied with results in table 20.

Wheat

Citrus

Maize

𝑑𝑜𝑓

6

4

6

χ2𝑁𝑜𝑟𝑚𝑎𝑙

12.002

12.333

10.153

χ2lim

12.591

9.488

12.591

𝐻0 𝑁𝑜𝑟𝑚𝑎𝑙

Accepted

Rejected

Accepted

𝜒 2𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙

10.153

1.445

6.002

2
𝜒𝑙𝑖𝑚

12.591

9.488

12.591

𝐻0 𝐿𝑜𝑔𝑁𝑜𝑟𝑚𝑎𝑙

Accepted

Accepted

Accepted

𝜒 2𝐺𝑢𝑚𝑏𝑒𝑙

6.002

7.667

7.384

2
𝜒𝑙𝑖𝑚

12.591

9.488

12.591
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𝐻0 𝐺𝑢𝑚𝑏𝑒𝑙

Accepted

Accepted

Accepted

Table 20 - Chi Squared Results for Torino

4.3.5. Conclusion
In summary, none of the crops here analyzed presented any temporal trend
when applying the t-student test.
Wheat and maize had positive results when applying the chi-squared test for
normal, lognormal and Gumbel. Citrus, on the other hand, did not perceived a
positive result only for the normal distribution.
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5. Comparison and Conclusion
5.1.

Comparison

This chapter will focus on the differences and similarities between crops at São
Paulo and Torino.
The comparison analysis will evaluate evapotranspiration and irrigation
requirements.
5.1.1. Wheat
Although situated in opposite side of the planet, wheat crop behavior for São
Paulo and Torino have some similarities.
Both crops have 6 months seasons and they start with one month delay, Torino
startin and finishing earlier (figure 23).

Figure 23 – Wheat Evapotranspiration Boxplot Comparison between Torino and São Paulo

Important to notice that wheat season for São Paulo happens during the winter,
may be one of the reasons why mena daily evapotrasnpiration is lower.
Maximum mean values for both time series happen to be on August.
Torino presents higher number of outliers, as we previously stated 2003 was
the heat wave year, thus evapotranspiration values spiked.
Table 21 lists overall cumulated yearly evapotranspiration
Torino

São Paulo

Delta

Min

487.8

293.9

193.9

Max

629

353

276

Mean

531.2

328.6

202.6

Median

527.6

330.4

197.2

Mode

487.8

293.9

193.9
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Standard Deviation

26.75

15.4

11.35

Table 21 - Wheat Evapotranspiration Comparison

Torino max value is on 2003 while São Paulo’s on 2011.
Torino min value is on 1981 while São Paulo’s on 1992.
Both cities presented strong correlation coefficients between evapotranspiration
and irrigation requirements, being R equal to 0.866 for São Paulo and 0.768 for
Torino.
Irrigation is not needed during the whole season as illustrated on chapter 2.
Nevertheless, Torino has recorded values of irrigation from April to September,
although the significant values are presented only during July to September.
On the other hand, São Paulo only needs 3 month of necessary irrigation,
August to October, although October values are much lower.
Figure 24 illustrate the temporal variability of irrigation requirement for the two
locations.

Figure 24 - Wheat Irrigation Requirement Time Series Comparison

As observed for evapotranspiration, yearly values of irrigation requirement for
Torino are higher than on São Paulo. Mean values for Torino are around 110.7
mm/year as for São Paulo 57.25, 93% higher.
Although lower values, São Paulo demonstrate higher variability of its time
series as the standard deviation is 46.1 with maximum value of 131.9. Torino
has a standard deviation and maximum of 87.31 and 413.6 respectively.
Figure 25 shows that São Paulo has a higher variability than Torino, not only on
cumulated yearly values but also on daily mean values. Torino data series
shows a higher difference between the quartile ant its maximum values. By
taking a closer look to data, the maximum values are related to 2003, the
heatwave year.
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Figure 25 - Wheat Irrigation Requirement Boxplot

This behavior is also confirmed by the T-Student test performed on the trend of
both series on chapters 4.2. and 4.3
Torino

São Paulo

Irrigation Requirements

Accepted

Rejected

Days of Necessary Irrigation

Accepted

Rejected

Table 22 - Wheat T-Student Results

São Paulo rejected the results, meaning that irrigation requirements and days
of necessary irrigation, show a significant linear increase. As years went by,
both metrics show higher values.
Torino, on the other hand, did not showed any temporal trend, as intuited from
figure 24.
On previous chapters, correlation between irrigation requirements and days of
necessary irrigation was analyzed and presented high values for both Torino
and São Paulo (0.9851 and 0.9872 respectively)
Figure 26 highlights that not only a correlation exists but temporal variability
follows the same behavior.
It is interesting to notice how São Paulo’s lines are more aligned, meaning that
both metrics have a more equal comportment.
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Figure 26 - IR and Days of IR Comparison for Wheat

Although both crops have the same length of season, Torino needs, on
average, 55.02% more days of necessary irrigation (28.7 against 18.4)
The last step of the analysis for each city was the fitting of the irrigation
statistics with appropriate probability distribution. Results for the chi-squared
test of adaptation for both crops are listed in table 23
Torino

São Paulo

Gumbell

rejected

accepted

Normal

accepted

accepted

LogNormal

accepted

accepted

Table 23 - Wheat Chi-Squared Results
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5.1.2. Citrus
As previously commentted, citrus is a yearly crop, as shown in figure

Figure 27 - Citrus Evapotranspiration Boxplot Comparison between Torino and São Paulo

Since location are situated on different hemispheres, yearly crops have the
opposite behavior looking at months in a year.
Nonetheless, citrus demands higher values of evapotranspiration during
summer for both cities. Torino’s evapotranspiration rises from June up to
August, while São Paulo has its peaks from November to January.
Maximum and minimum pattern differ for both locations. Torino have higher
values of mean daily evapotranspiration on July and lower on December. It
means that Evapotranspiration have a higher annual variability at Torino, going
from 3.11 mm/day to 0.39 mm/day.
While São Paulo have a softer comportment where its maximum and minimum
values go from 2.49 mm/day to 1.22 mm/day.
São Paulo has a lower number of outliers since it mea and median are almost
equal for each month. On the other hand, Torino present some months where
media and mean do not have similar values (April: mean = 1.83 and median =
1.78).
Important to highlight also that the lowest months of evapotranspiration for
Torino have very low variability (December and January). The same pattern is
not observed for São Paulo as June and July boxes are quite large.
Table 24 lists overall cumulated yearly evapotranspiration

Min

Torino

São Paulo

Delta

550.4

666.7

-116.3
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Max

673.5

796.7

-123.2

Mean

592.1

729.5

-137.4

Median

590.5

726.3

-135.8

Mode

550.4

666.7

-116.3

Standard Deviation

26.49

25.79

0.7

Table 24 - Maize Evapotranspiration Comparison

Torino max value is on 2003 while São Paulo’s on 2015.
Torino min value is on 1997 while São Paulo’s on 1984.
Citrus was the crop that presented lowest values of correlation between
evapotranspiration and irrigation requirements, being R equal to 0.609 for São
Paulo and 0.571 for Torino.
Irrigation is not required throughout the season, as shown in Chapter 2.
However, Turin recorded irrigation values from April to September, although
significant values are only reported from July to September.
On the other hand, São Paulo only needs 3 months of necessary irrigation, from
August to October, although the October values are significantly lower.
Figure 28 illustrate the temporal variability of irrigation requirement for the two
locations.

Figure 28 - Citrus Irrigation Requirements Time Series

Differently from evapotranspiration, yearly values of irrigation requirement for
Torino are higher than on São Paulo. Mean values for Torino are around 22.76
mm/year as for São Paulo 17.65
Both series have similar values of years with zero mm of irrigation requirement,
20 for São Paulo and 21 for Torino. The first have zeros more distanced from
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one another, on the other hand the second have groups of years where
irrigation is not needed.
Figure 29 shows how irrigation requirement behaves for both cities. São Paulo
indicate a more concentrated need of irrigation around a couple of months
(August to September). While Torino presents a less concentrated conduct over
the year.

Figure 29 - Citrus Irrigation Requirement Boxplot

September is a critical month for São Paulo where most of its irrigation is
accumulated.
Torino

São Paulo

Irrigation Requirements

Accepted

Rejected

Days of Necessary Irrigation

Accepted

Rejected

Table 25 - Citrus T-Student Test Results

Following the same behavior as for wheat, São Paulo rejected the results, of the
t-student test. Meaning it presents a temporal trend over the analyzed years.
By looking at figure 30, the intuition that Torino did not presented any temporal
trend existed and the t-student test confirmed it as both metrics accepted the
null hypothesis.
Also for citrus, correlation between irrigation requirements and days of
necessary irrigation presented high values of Pearson coefficient R, meaning
strong correlation between both metrics (R=0.9950 São Paulo and R=0.9729 for
Torino).
Figure 30 highlights exactly what said for the correlation coefficients. São
Paulo’s line are more overlaid than the ones on Torino’s.
To better undestand what effects this may bring, in 1989 there was 28 days of
necessary irrigation for 43 mm/year. If the same proportion was to be applied
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for 1994, knowing the days of necessary irrigation (13), the predicted behavior
would be of 19mm/year, instead in that year there was 27 mm/year of irrigation

Figure 30 - IR and Days of IR Comparison for Citrus

Although both crops have the same length of season, Torino needs, on
average, 55.02% more days of necessary irrigation (28.7 against 18.4)
Table 26 lists the Chi-Squared test results for citrus.
Torino

São Paulo

Gumbell

rejected

accepted

Normal

rejected

accepted

LogNormal

accepted

accepted

Table 26 - Citrus Chi-Squared Test Results
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5.1.3. Maize
Although diverse season than Wheat, also Maize is a seasonal crop.

Figure 31 - Maize Evapotranspiration Boxplot Comparison between Torino and São Paulo

Six months’ seasons for maize, cultivated during the summer
If a normalization of season is done considering the first month of the season as
one and the last six. Torino’s evapotranspiration has higher mean daily values
for all months excluded the second (May).
Maximum and minimum pattern differ for both locations. Torino presents a more
abrupt behavior going, with peak in the fourth month. It means that
Evapotranspiration have a higher annual variability at Torino, with maximum
and minimum of 5.74 mm/day and 0.43 mm/day respectively.
São Paulo also reaches its peak on the fourth month but the difference from the
preceding and foreseeing month are much softer than the ones seen for Torino.
Both time series have the same number of outliers when analyzing mean daily
evaporation.
Mid-season variability seems to be a pattern for both cities since 1st and 3rd
quartiles for the 3 middle months are bigger than the ones ate the end of the
season
Table 27 lists overall cumulated yearly evapotranspiration
Torino

São Paulo

Delta

Min

496.5

400

96.5

Max

646.2

554.3

91.9

541

438.6

102.4

Median

535.2

434.4

100.8

Mode

496.5

400.5

96

Mean
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Standard Deviation

28.71

30.3

-1.59

Table 27 - Maize Evapotranspiration Comparison

Torino max value is on 2003 while São Paulo’s on 2015.
Torino min value is on 1981 while São Paulo’s on 1984.
Maize is the crop that showed the highest values of correlation for evaporation
and irrigation requirements, with 0.844 for São Paulo and 0.825 for Torino. Both
classified as very strong correlated
Nevertheless, Torino has recorded values of irrigation from June to September,
although the significant values are presented only during July to September.
On the other hand, São Paulo only needs 4 month of necessary irrigation,
although very low amounts of irrigation were recorded.
Figure 35 illustrate the temporal variability of irrigation requirement for the two
locations.

Figure 32 - Maize Irrigation Requirements Time Series

74% of the years inside São Paulo distribution did not need any mm of
irrigation. While for Torino only 1 year did not need irrigation, 2014.
Torino have a mean values of 159.61 mm/year of irrigation, with maximum and
minimum (excluding zero) going from 418.25 mm/year on 2003 to 16 mm/year
on 2002
Figure 36 shows how irrigation requirement behaves for both cities. São Paulo
boxplot only points out the low need of irrigation and how its distributed over a
few months.
Nevertheless, Torino have peaks months of irrigation requirements on July and
August.
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Figure 33 - Citrus Irrigation Requirement Boxplot

Results of the T-Student test are shown in table 28.
Torino

São Paulo

Irrigation Requirements

Accepted

Accepted

Days of Necessary Irrigation

Accepted

Accepted

Table 28 - Maize T-Student Test Results

Contrarily to previous crops, maize was the only one that did not show any
temporal trend.
Correlation between irrigation requirements and days of necessary irrigation for
maize express great values for both Torino and São Paulo (0.960 and 0.994
respectively)
São Paulo almost perfect overlaid is due to its strong correlation and high
amount of zeros.
Torino behavior is far from overlaid, days of necessary irrigation seem to have a
poorer reaction to increase values of irrigation requirement.
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Figure 34 - R and Days of IR Comparison for Maize

Torino needs an average of 36 days of necessary irrigation, with maximum of
79 on 2003 and minimum (without zero) of 6 on 2002.
Table 29 lists the Chi-Squared test results for citrus
Torino

São Paulo

Gumbell

rejected

rejected

Normal

accepted

rejected

LogNormal

accepted

accepted

Table 29 - Maize Chi-Squared Test Results
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5.2.

Conclusion

The only crops that showed temporal trend between the analyzed years were
wheat and citrus for São Paulo, as summarized in table 30.
São Paulo

Angular Coeff

T

H0 Hypothesis

Wheat

1.7568

2.9345

Rejected

Citrus

0.9354

2.6088

Rejected

Maize

0.6452

1.9129

Accepted

Torino

Angular Coeff

T

H0 Hypothesis

Wheat

0.2148

0.1707

Accepted

Citrus

0.0031

0.0050

Accepted

Maize

0.4343

0.3709

Accepted

Table 30 - Final T-Student Results

Besides, the only distribution that fitted well all crops for both cities was
LogNormal as listed in table 31
São Paulo

Gumbel

Normal

LogNormal

Wheat

Accepted

Accepted

Accepted

Citrus

Accepted

Accepted

Accepted

Maize

Rejected

Rejected

Accepted

Torino

Gumbel

Normal

LogNormal

Wheat

Rejected

Accepted

Accepted

Citrus

Rejected

Rejected

Accepted

Maize

Rejected

Accepted

Accepted

Table 31 - Final Chi-Squared Results

Comparing locations, Torino showed higher results of irrigation requirements for
all three crops.
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Figures 35 and 36 are examples of the Empirical Distribution Function and
probability plots for wheat, at São Paulo and Torino respectively

Figure 35 - Probability Plots and ECDF for Wheat at São Paulo

Figure 36 - Probability Plots and ECDF for Wheat at Torino

Results for citrus and maize are illustrated in annex
The conclusion is that the statistical analysis seen for floods can give useful
results in assessing the frequency (or rarity) of drought events, which are
becoming more relevant in current days.
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7. Annexes

Annex 1 - CDS API Client Install

Annex 2 - Python Script Example for Data Precipitation Download
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Annex 3 - CDO Command Usage

Annex 4 - ERA5 Dataset prior to Manipulation

Annex 5 - ERA5 Dataset after Necessary Manipulation
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Annex 6 -CRU Dataset prior to Manipulation

Annex 7 - CRU Dataset after Necessary Manipulation
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Annex 8 - ERA5 and CRU Script Example for Comparison

Annex 9 - ERA 5 vs CRU Comparison at São Paulo on 2003

Annex 10 - ERA 5 vs CRU Delta at São Paulo on 2003
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Annex 11 – ERA 5 vs CRU Comparison at Tokyo on 2017

Annex 12 - ERA 5 vs CRU Delta at Tokyo on 2017
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Annex 13 - 20 Years ERA5 and CRU Comparison Script

Annex 14 - Torino ERA5 vs CRU 20 Years Comparison
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Annex 15 - Torino ERA5 vs CRU 20 Years Comparison

Annex 16 - Twenty Years Comparison Boxplot CRU and ERA 5 for São Paulo
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Annex 17 - Model Output Example

Annex 18 - Correlation between Evapotranspiration and Irrigation Requirements for Citrus at São Paulo

Annex 19 - Correlation between Evapotranspiration and Irrigation Requirements for Maize at São Paulo
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Months

Annex 20 - Monthly Evapotranspiration for Citrus at São Paulo

Months

Annex 21 - Monthly Evapotranspiration for Maize at São Paulo

1981-1990

1991-2000

2001-2010

2011-2019

January

2.486

2.459

2.406

2.654

February

2.220

2.130

2.192

2.314

March

2.112

2.099

2.167

2.173

April

1.712

1.722

1.762

1.793
78

May

1.405

1.383

1.436

1.450

June

1.185

1.204

1.259

1.235

July

1.301

1.333

1.383

1.389

August

1.654

1.704

1.764

1.763

September

1.930

1.936

2.027

2.182

October

2.293

2.259

2.367

2.476

November

2.431

2.334

2.359

2.387

December

2.398

2.461

2.463

2.632

Annex 22 – Citrus Monthly Mean Evapotranspiration at São Paulo

1981-1990

1991-2000

2001-2010

2011-2019

January

3.810

3.774

3.702

4.287

February

3.923

3.652

3.792

4.215

March

3.180

3.170

3.364

3.287

April

0.846

0.839

0.836

0.890

May

0.000

0.000

0.000

0.000

June

0.000

0.000

0.000

0.000

July

0.000

0.000

0.000

0.000

August

0.000

0.000

0.000

0.000

September

0.000

0.000

0.000

0.000

October

0.000

0.000

0.000

0.000

November

0.557

0.520

0.537

0.536

December

1.656

1.706

1.708

1.837

Annex 23 - Maize Monthly Mean Evapotranspiration at São Paulo
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Annex 24 - T-Student Table Values (18)
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Annex 25 - Chi Squared Table (22)
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Annex 26 - Correlation between Evapotranspiration and Irrigation Requirements for Citrus at Torino

Annex 27 - Correlation between Evapotranspiration and Irrigation Requirements for Maize at Torino
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Annex 28 - Monthly Evapotranspiration for Citrus at Torino

Annex 29 - Monthly Evapotranspiration for Maize at Torino
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1981-1990

1991-2000

2001-2010

2011-2019

January

0.470

0.474

0.453

0.473

February

0.632

0.723

0.674

0.671

March

1.284

1.418

1.342

1.388

April

1.718

1.869

1.850

1.907

May

2.328

2.499

2.533

2.535

June

2.712

2.782

3.007

2.897

July

3.018

3.080

3.228

3.120

August

2.559

2.691

2.709

2.684

September

1.747

1.653

1.736

1.782

October

1.034

0.973

0.978

1.040

November

0.546

0.538

0.545

0.553

December

0.405

0.388

0.382

0.425

Annex 30 - Citrus Monthly Mean Evapotranspiration at Torino

1981-1990

1991-2000

2001-2010

2011-2019

January

0.000

0.000

0.000

0.000

February

0.000

0.000

0.000

0.000

March

0.000

0.000

0.000

0.000

April

0.409

0.430

0.448

0.447

May

1.373

1.469

1.508

1.497

June

4.033

4.142

4.493

4.314

July

5.572

5.685

5.959

5.760

August

4.405

4.639

4.655

4.607

September

0.979

0.968

1.020

1.033

October

0.000

0.000

0.000

0.000

November

0.000

0.000

0.000

0.000

December

0.000

0.000

0.000

0.000

Annex 31 - Maize Monthly Mean Evapotranspiration at Torino
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Annex 32 -Probability Plots and ECDF for Citrus at São Paulo

Annex 33 - Probability Plots and ECDF for Maize at São Paulo
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Annex 34 - Probability Plots and ECDF for Citrus at Torino

Annex 35 - Probability Plots and ECDF for Maize at Torino

86

