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Calibration and validation of thermal requirement
models for characterizing phenological stages
Rocío Ballesterosa*, Miguel Ángel Morenoa, José Fernando Ortegaa

Abstract: When estimating crop water requirements, the lengths of crop growth and development stages must be well
defined. The aim of this study is to analyse different thermal time calculation methods using maximum and minimum
daily temperatures together with the threshold temperatures that provide the best estimates of thermal requirements
at each phenological stage for different crops. Additionally, the green canopy cover (GCC), which was calculated with
images that were obtained with an unmanned aerial vehicle (UAV), was compared to the crop coefficent (Kc) pattern
that was obtained by the growing degree-days (GDD) methods. The proposed methodology is applied in Hydrogeologic
Unit 08.29 (Spain). The GDD and threshold temperatures were computed for: spring wheat, spring barley, maize
FAO-700, onion and grapes using improved traditional calculation methods. The results show how the selection of
different threshold temperatures at different stages and GDD calculation methods leads to an improvement upon
traditional GDD calculation.
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achieve a rational use of irrigation water, which requires phenological studies to set the timing of the
different crop stages.
When estimating the crop water requirement, the
Food and Agriculture Organization of the United
Nations (FAO) advises defining the crop coefficient
(Kc) values for each of the phenological stages describing the Kc curve (Allen et al., 1998). Many
studies, such as those of Wright (1982), Allen et al.,
(1998) and Kato and Kamichika (2006), have determined the growth intervals based on the different
slopes of the green canopy cover (GCC) curve
throughout the progression of the crop cycle, considering GCC as the fraction of the soil surface that
is covered by the crop canopy (Steduto et al., 2009).
A common practice is to use the same Kc curve for
different years without taking into account the influences of the environment and other factors on
crop development for a particular year (MartínezCob, 2008). Plant development is controlled by several environmental factors, such as the photoperiod,
soil moisture and solar radiation, but it is primarily
affected by temperature (Viator et al., 2005). Because all biological processes respond to tempera-
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1. INTRODUCTION
In the last few decades water scarcity has become a
major concern in food security, as agriculture consumes 70% of the total freshwater in the world, with
large differences between countries and even
among different regions (FAO, 2013).
In Spain, agriculture uses 75% of the freshwater resources, reaching 90% in areas with limited resources (MARM, 2010). Although recent irrigation
modernization has decreased water demands, fitting
crop water supplies to their actual requirements is
one of the main approaches to conserving water in
agriculture (Rodríguez-Díaz et al., 2011). In this
context, the activity that was developed by the Irrigation Advisory Services (IASs) involves not only
important water conservation, but also an improvement in the irrigation water management of an area
(Ortega et al., 2005). One of the main tasks of the
IAS is supplying irrigation scheduling to farmers to
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Riassunto: Quando si stima fabbisogno idrico delle colture, la durata della crescita delle colture e delle fasi di sviluppo
devono essere ben definite. Lo scopo di questo studio è quello di analizzare diversi metodi di calcolo del tempo termico
mediante l’utilizzo di massime e minime giornaliere insieme con le temperature di soglia che forniscono le migliori
previsioni del fabbisogno termico in ogni fase fenologica per diverse colture. Inoltre, la canopy (GCC), che è stata
calcolata con le immagini ottenute con un drone (UAV), è stato confrontata con i risultati ottenuti attraverso
l’applicazione del modello Kc, basato sul metodo dei gradi giorno (GDD). Le temperature e le soglie di GDD sono
state calcolate per: grano primaverile, orzo primaverile, mais FAO-700, cipolla e uva, migliorando i risultati ottenuti
con i metodi di calcolo tradizionali. I risultati mostrano come la selezione di differenti temperature soglia in diverse
fasi e metodi di calcolo GDD porta ad un miglioramento rispetto ai sistemi tradizionali.
Parole chiave: gradi giorno, Tempo termico, Soglie termiche, fenologia, canopy, resa.
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ture, using thermal units for describing Kc curves is
a more accurate approach than considering a constant pattern. Authors, such as Wang and Engel
(1998) and Weikai and Hunt (1999), have reported
different equations to estimate the rates of growth
and development with a small number of parameters for different crops. The cited researchers
adopted cardinal temperatures (maximum, minimum and optimum) as parameters for their equations. The estimation of degree days by calculating
the area under the curve of hourly temperatures is
considered the reference standard method because
biological development rates are linearly related to
temperature, but temperature has a diurnal trend
(Wheeler et al., 2000). However, thermal data from
the agro-meteorological stations that are used by
IAS are typically reduced to maximum daily temperature (TMAX) and minimum daily temperature
(TMIN). Thus, the GDD calculation method needs
to be adapted not only to crop phenology but also to
the availability of meteorological data. Much effort
has been made to improve the procedures for calculating the integration of the temperature curve
using TMAX and TMIN to accurately simulate the behaviour of the accumulated temperatures under the
hourly data curve (McMaster and Wilhem, 1997).
The concept of GDD involves not only a proper
combination of temperatures and time but also the
threshold temperatures that, if exceeded, involve little or no growth. All biological responses to temperature can be summarized in terms of the base or
minimum (TLMIN), below which plants will not grow,
and the maximum (TLMAX), temperatures above
which growth ceases completely.
Most crop models simulate the effect of temperature using different methods to estimate the GDD.
Some of these methods, such as that implemented
in AquaCrop, require a lower and upper temperature for GDD calculation. These temperatures can
be considered by users as conservative parameters,
meaning that they do not change with time, management practice, or geographic location (Raes et
al., 2009). It is important to realize that these
threshold temperatures that are provided by the
AquaCrop database and that are considered conservative parameters may need to be adjusted to improve model results or even model structure (Hsiao
et al., 2009). Cropsyst offers two resolution modes
for thermal time calculation, but threshold temperatures should also be specified by users. Therefore,
it is necessary to know the right values of threshold
temperatures to optimize the thermal time calculations (Stockle and Nelson, 1994). The aim of this
study is to calibrate and validate different thermal

time calculation methods using TMAX and TMIN, as
well as to establish the threshold temperatures that
provide the most accurate estimates for each phenological stage in different crops to contribute to irrigation scheduling and crop modelling.
2. METHODOLOGY
2.1. Area description and climatic data
The proposed methodology is implemented in a
specific area named Hydrogeologic Unit (H.U.)
08.29. This unit is located in the southeast of Spain,
on the eastern side of the La Mancha plains, with a
total surface area of 8500 km2 (IGME, 1980) (Fig.
1) and with relatively uniform agronomic features.
Nine agro-climatic stations from the Agro-climate
Information System for Irrigation (IASI) were
within H.U. boundaries. These stations provided
daily and half-hourly data for the considered period
(2001-2012). However, most of the agro-climatic
stations that are used by the IAS only provide daily
registers as open-access data. Therefore, the selected GDD method should only use TMAX and TMIN
in order to be used by as many users as possible.
The agro-climatic stations are designed to automatically register all of the required values to calculate
the reference evapotranspiration (ETo) (Allen et al.,
1998), such as air humidity and temperature, solar
radiation, precipitation and wind direction and
speed.
The air temperature and other meteorological variables were recorded from four agro-meteorological

Fig. 1 - Location of 08.29 Hydrological Unit in Castilla-La
Mancha (Spain), the studied commercial plots and the agrometeorological stations.
Fig. 1 - Posizione di 08,29 Unità idrologica in Castilla-La
Mancha (Spagna), le aree commerciali studiate e le stazioni
agro-meteorologiche.
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stations that were located in El Picazo (39.46N lat,
2.09W long, and 720 m.a.s.l.) Tarazona de La Mancha (39.25N lat, 1.91W long, and 722 m.a.s.l.), Albacete (38.95N lat, 1.90W long, 677 m.a.s.l.) and
Pozocañada (38.80N lat, 1.75W long, and 872
m.a.s.l.), which are located close to the study plots
(Fig. 1). Agro-climatic stations show precipitation
values from 424 to 377 mm year-1. The precipitation
values are not higher than 82 mm from June to September (summer time). The annual ETo values
range from 1200 mm year-1 in the North of 08.29.
H.U. to 1300 mm year-1 in the Southeast, while in
the summer range from 550 to 575 mm.
Incorrect and questionable climatic data were identified by applying a climatic series analysis and validation such that faulty records could be eliminated
to avoid artificial variability. In this study, seven levels of quality tests as proposed by Estévez et al.,
(2011) were checked. These levels were grouped according to three rules that were proposed by Meek
and Hatfield (1994): 1) the range tests, which use
dynamic or fixed ranges for every climatic register;
2) the step tests, which use dynamic or fixed ranges
for successive observations; and 3) the persistence
or time consistency tests, which use ranges to verify
if two successive records are identical or have low
variability. In addition to these rules, other important control procedures include internal consistency
tests that verify the physical and climatologic consistencies of every record or between different variables. Thus, the validation data structure (level 0),
range test, step test, internal consistency test, persistent test, spatial consistency test and visual validation test were applied for meteorological data
quality control. The meteorological data that did not
pass level 0 or the fixed range test were automatically flagged as erroneous. The data that were detected by the other tests were flagged as suspect,
and were evaluated using manual inspection (Level
6). The validation procedures were applied in the
framework of ISO/TC146/SC5 (ISO, 1994;
AENOR, 2004).
2.2. Calibration data
The studied crops were selected according to their
distribution in the H.U., their economic and social
importance and their water requirements. Considering these aspects, the GDD were computed for:
spring wheat (Triticum aestivum L. cv. ‘Estero’),
spring barley (Hordeum vulgare L. cv. ‘Pewter’),
maize FAO-700 cycle (Zea mays L. cv. ‘Dracma’),
onion (Allium cepa L. cv. ‘Cíclope’), and grapes
(Vitis vinifera L. cv. ‘Cencibel’ and cv. ‘Airén’).
These crops were irrigated using permanent solid

set systems, except for grape cv. ‘Cencibel’, which
was irrigated using drip irrigation systems, and
grape cv. ‘Airén’, which was a rain-fed crop.
All of the crops were established in commercial
plots in which conventional cultivation techniques
were applied by farmers (de Juan Valero et al.,
2003). The crops were also grown in plots of the
same standard soil and irrigated with the same procedures.
Ten years (2001-2010) of weekly field observations
were performed by IAS (Ortega et al., 2005; Montoro et al., 2011). Changes in the GCC of crops, the
height and the leaf area, which are related to differences in evapotranspiration during the four growing stages, were registered. The progression and
variation in GCC were measured by naridal images
from White et al., (2000), using a digital camera because it is considered the easiest and the most reliable technique (Gitelson et al., 2002). The starting
date of each stage was defined in terms of percentage of the population reaching that stage, and the
changes should be applied to at least 50% of the
plants (Zadoks et al., 1974). At the same time detailed phenological changes were also registered following the Bundessortenamt, Chemische Industrie
BBCH Scale (Meier, 2001). According to FAO
methodology (Allen et al., 1998) the observed growing cycles were divided into the four FAO stages.
The GDD and threshold temperatures were independently calibrated for every crop stage. The same
cultivars and varieties were used throughout the different seasons at all sites. For woody crops the same
plants were observed each year (Tab. 1).
2.3. Validation data
Two additional seasons of field observations were
performed to analyse the sensitivity of the estimation into the H.U. boundaries: 2010-2011 and 20112012 (Fig. 1). These measurements were recorded
following the same criteria and methodology as
those that were used for the calibration. The same
crops and varieties were considered during the validation process.
In addition, during these two validation seasons
some field sampling was included to record the
GCC pattern throughout the phenological cycle.
Maize and onion were the selected crops for these
field experiments due to their high water requirements under semiarid conditions. Both of these
crops were irrigated using solid set systems. Highresolution georeferenced images were taken during
these sampling events using an unmanned aerial vehicle (UAV) to characterize GCC according to the
methodology that was proposed by Córcoles et al.,
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n aMean date Earliest date (year) Latest date (year)
Initial (FAO-Stage I)
Spring wheat
7 4 Jan.
27 Dec. (2002)
8 Jan. (2005)
Spring barley
9 18 Jan.
13 Jan. (2002)
26 Jan. (2003)
Maize
8 3 May.
24 Apr. (2009)
22 May. (2002)
Onion
9 16 Apr.
10 Apr. (2003)
24 Apr. (2005)
Grape cv. ‘Airén’
9 7 Apr.
21 Mar. (2009)
19 Apr.(2003)
Grape cv. ‘Cencibel’
6 14 Apr.
7 Apr. (2009)
20 Apr. (2010)
Crop development (FAO-Stage II)
Spring wheat
7 12 Mar.
5 Mar. (2002,)
18 Mar. (2003)
Spring barley
9 5 Mar.
25 Feb. (2009)
18 Mar. (2006)
Maize
8 28 May
22 May (2009)
6 June (2002)
Onion
9 29 May
24 May (2001)
5 June (2002)
Grape cv. ‘Airén’
9 28 May
17 May (2006)
6 June (2004)
Grape cv. ‘Cencibel’
6 24 May
15 May (2009)
30 May (2005)
Mid-season (FAO-Stage III)
Spring wheat
7 7 May
27 Apr. (2009)
15 May (2003, 2004)
Spring barley
8 28 Apr.
20 Apr. (2009)
18 Mar. (2006)
Maize
8 17 July
12 July (2001)
18 July (2003)
Onion
9 24 June
17 June (2009)
1July (2004)
Grape cv. ‘Airén’
9 14 June
4 June (2009)
25 June (2010)
Grape cv. ‘Cencibel’
6 17 June
10 June (2006)
24 June (2010)
Late-season (FAO-Stage IV)
Spring wheat
7 26 May
21 May (2009)
5 June (2003)
Spring barley
9 23 May
14 May (2009)
1June (2003)
Maize
7 10 Aug.
3 Aug. (2006)
22 Aug.(2002)
Onion
9 4 Aug.
29 July (2009)
15 Aug. (2001)
Grape cv. ‘Airén’
9 30 July
22 July (2009)
6 Aug. (2004)
Grape cv. ‘Cencibel’
6 30 July
24 July (2006)
7 Aug. (2010)
Full Senescence/Beginning of dormancy
Spring wheat
7 19 June
11 June (2009)
26 June (2003)
Spring barley
9 14 June
4 June (2009)
23 June (2006)
Maize
7 14 Sep
6 Sep. (2006)
19 Sep. (2007)
Onion
9 22 Aug.
13 Aug. (2003)
30 Aug. (2006)
Grape cv. ‘Airén’
8 1Sep.
28 Aug. (2005)
8 Sep. (2009)
Grape cv. ‘Cencibel’
6 6 Sep.
22 Aug. (2006)
18 Sep. (2010)
a
Mean phenological starting date considering the studied period (2001-2010).
Crops

Tab. 1 - Mean and extreme
starting dates, and extreme
dates (earliest and latest)
of the six species that were
studied from 2001-2010
and the number
of recorded years (n).
Tab. 1 - Date medie
e estreme (prima e ultima)
delle sei specie che sono
state studiate 2001-2010
e il numero di anni
registrati (n).
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(2013) (Fig. 2). The sampling dates were selected
according to the phenological and GCC changes.
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2.4. Temperature thresholds
Maximum and minimum threshold temperature
(TLMAX and TLMIN) selection is critical in GDD estimation. The identification of threshold temperatures will provide a starting point for accurate GDD
calculation and for identifying the effects on crop
yield and yield components (Porter and Gawith,
1999).
Before selecting the threshold ranges some previous
studies were revised to establish a range of maximum
and minimum temperatures to be considered as limit
temperatures for each crop (Tab. 2). Different ranges
of threshold temperatures were examined for every
species, with an interval of 1 ºC, meaning that every
maximum temperature was paired with every minimum temperature (Tab. 2). The GDD was calculated
using all of the proposed methods and considering
all of the paired maximum and minimum thresholds.
Thus, the maximum and minimum threshold tem-

Fig. 2 - Quadracopter aircraft.
Fig. 2 - Quadricoptero.

peratures together with the GDD calculation
method that best simulates plant growth were obtained simultaneously for each phenological stage.
For example, for barley, 209 paired threshold tem-

Crops

Range
of studied TLMIN
(ºC)
Spring wheat 0-10
Spring barley 0-10
Maize

6-12

Onion

0-10

Grape

5-15
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Range of
References
studied TLMAX
(ºC)
20-38
(Dofing and Karlsson, 1993;
Saiyed et al., 2009; Luo, 2011)
20-38
(Kirby et al., 1982;
Juskiw et al., 2001)
26-40
(Tollenaar et al., 1979;
Derieux and Bonhomme, 1982;
Ritchie and Nesmith, 1991;
Brown and Bootsma, 1993;
Birch et al., 1998;
Hsiao et al., 2009)
20-38
(Lancaster et al., 1996;
Tei et al., 1996)
25-38
(Winkler, 1962;
Gutierrez et al., 1985;
Carbonneau, et al., 1992;
Amorós et al., 2010)

peratures were evaluated (from 0-10 as TLMIN and
from 20 to 38 as TLMAX) for every GDD calculation
method. Thus, 1254 GDD final values were evaluated for each day for a particular FAO-stage.
2.5. Model Selection
For each pair of maximum and minimum threshold
temperatures, the GDD was calculated using: the
half-hourly temperature (THH) as the reference
method; this method accounts for the daily variation
in temperature and, therefore, reproduces most
closely the temperature regime that was experienced by the crop (Wang, 1960; Cesaraccio et al.,
2001) and TMAX and TMIN using different methods
over 10 years (2001-2010). All of these temperatures
will be from agro-climatic station records from IASI.
1) The GDD from half-hourly data (GDDHH) was
computed as follows:
mi

GDD HH =

n

DD HH
j=1

mi
where GDDHH is the computed GDD using halfhourly temperature data throughout one phenological stage, DDHH is the sum of accumulated
half-hourly degree days, m is the number of halfhourly data for each day, and n is the length of the
phenological stage (days).
2) The GDD from TMAX and TMIN were calculated
using different methods: a) averaging (GDDAVERAGE) (Arnold, 1960), b) single triangle (GDDST)
(Lindsey and Newman, 1956), c) double triangle
(GDDDT) (Sevacherian et al., 1977), d) sine-wave
(GDDSS) (Baskerbill and Emin, 1969), e) double
i =1

Tab. 2 - Range of selected
threshold temperatures
and studied references.
Tab. 2 - Gamma
di temperature
di soglia selezionate
e riferimenti studiati.

sine-wave (GDDDS) (Allen, 1976) and f) cosine
(GDDCOS) (Wann et al., 1984). All of these methods were compared with GDDHH, as it was considered the reference method, to determine which
method is more accurate. Statistical hypothesis
testing using Student’s t-test (t) and Chi-squared
(X2) test was performed to determine the method
and threshold temperatures that best simulate crop
growth. After accepting the null hypothesis, the
calculation model and the pair of threshold temperatures with the best statistical values are selected (Fig. 3). The selected model was verified
and temperatures were validated to avoid erroneous conclusions. For this, a residual analysis was
performed using linear regression (Fig. 3).
The validation of the selected threshold temperatures and GDD calculation methods was performed
using phenological and climatic data from two growing seasons (2010-2012). With the aim of performing spatial in addition to temporal validation, six
commercial plots were selected in the 08.29 H.U.
(Fig. 1). The number of GDD for each crop and
phenological stage were calculated using the different methods that were selected and threshold temperatures to be compared with GDD obtained for
the 2001-2010 period using confidence intervals to
indicate the reliability of the estimation.
3. RESULTS
3.1. Selected methods
and threshold temperatures
Tab. 3 shows in bold the different methods that
were studied and the pairs of threshold temperatures that offered the best results with the t and
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Fig. 3 - Workflow of the growing degree-days (GDD) method and threshold temperature selection.
Fig. 3 - Diagramma di flusso del metodo dei gradi-giorno (GDD).
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X2 statistical tests. The methods and threshold
temperatures for each growth stage were selected
according to the highest statistical significance
from both tests. Selecting a different method for
each phenological stage did not statistically improves the option of selecting the same method
for all of the phenological stages. However, the
proper selection of TLMAX and TLMIN was crucial to
obtaining accurate results (Tab. 3). The best statistical values for the t test ranged from 0.639 for
maize to 0.999 for grape cv. ‘Cencibel’. For the X2
test these values ranged from 0.624 for barley to
0.972 for maize crop.

52

3.1.1. Spring crops
The double triangle, which uses the minimum temperature from consecutive days and the maximum
temperature from the current day, was selected for
both cereals with spring vegetative growth as the
most suitable. This method presents good statistical
results for the entire phenological cycle (t=0.855;
X2=0.693 for wheat and t=0.911; X2=0.624 for barley). A single triangle could also be selected as best
fitting for some stages especially for spring wheat.
However, despite GDDST being a very similar
method to GDDDT, the application of GDDST for
the entire cycle did not improve compared to the
results that were obtained by GDDDT.
Very similar maximum thresholds were obtained for
both crops: 20 ºC for the establishment stage, 28 ºC
for the vegetative growth stage, and 30 ºC for wheat;

and 29 ºC for barley at the reproductive stage and
36 ºC at maturation. The minimum threshold temperature ranged from 0 to 5 ºC for wheat and from
0 to 3 ºC for barley.
3.1.2. Summer crops
with high water requirements
The double triangle and sine methods obtained
best fittings for the different phenological stages
in maize. Attending to statistical results GDDDS
was selected as best method for the entire growing cycle (t=0.639; X2=0.972). The maximum
threshold temperatures varied from 26 ºC for the
earliest stage to 40 ºC during maturation, while
the TLMIN was approximately 6 ºC for the entire
cycle, except for FAO Stage-III when the TLMIN
increased to 12 ºC.
The double triangle method was considered the
best fitting for the entire cycle for onion crop
(t=0.674; X2=0.958). The minimum threshold
temperature was approximately 5 ºC during the
entire cycle, except at the reproductive stage,
when this temperature increased to 9 ºC. Onion
showed a high tolerance to heat, with a TLMAX that
was higher than 35 ºC during most of the phenological cycle.
3.1.3. Grape
The triangle methods, double for cv. ‘Airén’
(t=0.977; X2=0.721) and simple for cv. ‘Cencibel’
(t=0.999; X2=0.887) were considered as best fit-
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FAO Stage-II

FAO Stage-III

FAO Stage-IV

All stages

TLMAX

t

X2

TLMIN

TLMAX

t

X2

TLMIN

TLMAX

t

X2

TLMIN

TLMAX

t

X2

t

X2

21
25
20
23
24
25

0.000
0.673
0.645
0.408
0.384
0.163

0.950
0.701
0.620
0.706
0.907
0.941

0
0
0
0
0
0

28
28
28
23
20
28

0.909
0.999
0.946
0.737
0.993
0.737

0.901
0.918
0.771
0.681
0.918
0.681

0
5
5
0
0
0

36
31
30
36
36
36

0.537
0.523
0.588
0.537
0.537
0.834

0.939
0.991
0.948
0.939
0.939
0.693

5
0
0
0
4
0

30
31
36
37
37
37

0.188
0.494
0.497
0.438
0.497
0.758

0.980
0.949
1.000
0.890
0.999
0.534

0.683
0.852
0.855
0.915
0.934
0.792

0.010
0.675
0.693
0.421
0.364
0.461

20
25
20
20
20
20

0.000
0.967
0.521
0.256
0.243
0.248

0.924
0.197
0.658
0.483
0.993
0.902

0
1
1
0
0
0

23
28
28
20
30
31

0.995
0.995
0.932
0.951
0.841
0.613

0.050
0.974
0.944
0.838
0.893
0.479

0
5
3
10
10
0

30
31
29
35
36
36

0.599
0.681
0.838
0.710
0.793
0.830

0.957
0.542
0.432
0.777
0.687
0.573

0
3
0
0
3
0

36
31
36
36
35
36

0.527
0.711
0.578
0.527
0.577
0.771

0.928
0.610
0.950
0.928
0.952
0.703

0.837
0.738
0.911
0.716
0.789
0.758

0.036
0.754
0.624
0.492
0.717
0.324

26
26
26
26
26
40

0.000
0.640
0.736
0.588
0.695
0.805

0.000
0.964
0.988
0.475
0.537
0.311

6
6
7
6
7
12

33
28
31
39
31
39

0.043
0.981
0.525
0.279
0.525
0.575

0.721
0.436
0.997
0.607
0.997
0.065

12
11
11
12
12
12

38
38
38
38
38
28

0.964
0.795
0.777
0.702
0.802
0.715

0.944
0.574
0.834
0.524
0.928
0.802

6
6
8
11
6
6

35
39
36
32
40
40

0.903
0.947
0.995
0.985
0.997
0.657

0.903
0.673
0.997
0.963
0.956
0.633

0.000
0.824
0.663
0.361
0.639
0.516

0.000
0.454
0.884
0.894
0.972
0.287

36
23
24
26
26
36

0.774
0.796
0.838
0.651
0.742
0.970

0.483
0.910
0.921
0.520
0.625
0.266

8
5
5
10
10
7

37
37
37
38
38
35

0.621
0.507
0.563
0.617
0.692
0.853

0.979
0.437
0.406
0.929
0.985
0.998

10
9
9
10
8
9

37
35
35
35
29
25

0.319
0.632
0.620
0.331
0.315
0.106

0.990
0.972
0.995
0.987
0.986
0.998

10
6
6
10
10
8

35
38
38
37
36
38

0.493
0.613
0.553
0.612
0.543
0.512

0.977
0.306
0.546
0.355
0.634
1.000

0.447
0.615
0.674
0.391
0.577
0.675

0.423
0.877
0.958
0.719
0.642
0.218

28
25
27
36
36
36

0.994
0.633
0.661
0.977
0.749
0.972

0.027
0.980
0.988
0.208
0.622
0.316

5
5
5
5
5
5

36
30
31
25
36
37

0.691
0.645
0.647
0.939
0.694
0.616

0.599
0.874
0.993
0.519
0.858
0.463

5
14
15
5
5
5

39
34
33
39
39
39

0.959
0.976
0.885
0.959
0.989
0.989

0.819
0.997
0.890
0.819
0.508
0.508

8
9
10
8
8
8

39
33
32
39
39
39

0.685
0.904
0.998
0.685
0.627
0.627

0.675
0.936
0.989
0.675
0.465
0.465

0.994
0.898
0.977
0.945
0.855
0.970

0.316
0.787
0.721
0.700
0.799
0.442

26
29
29
37
37
37

0.996
0.844
0.900
0.946
0.997
0.848

0.034
0.994
0.928
0.787
0.856
0.336

10
7
7
12
5
5

39
39
34
39
39
32

0.928
0.892
0.959
0.923
0.997
0.971

0.974
0.889
0.937
0.993
0.759
0.465

10
13
15
12
5
5

39
39
34
39
39
32

0.928
0.885
0.978
0.923
0.950
0.971

0.974
0.916
0.974
0.993
0.759
0.465

5
11
11
13
9
10

35
35
35
35
35
35

0.791
0.595
0.664
0.531
0.693
0.911

0.903
0.728
0.930
0.923
0.973
0.793

0.975
0.999
0.936
0.884
0.944
0.909

0.545
0.887
0.902
0.716
0.849
0.609

GDDAVERAGE
GDDST
GDDDT
GDDSS
GDDDS
GDDCos

5
5
5
5
5
5

Tab. 3 - Statistical values of Chi-squared (X2) and Student’s t-test (t) for the six methods that were evaluated for every phenological stage and for the entire cycle of the studied crops.
Tab. 3 - I valori statistici di Chi-squared (X2) e test t (t) per i sei metodi che sono stati valutati per ogni fase fenologica e per
l’intero ciclo delle colture studiate. Temperature, metodo e soglia selezionata in grassetto.

tings for grapes. The minimum threshold temperature remained constant, from 5 to 7 ºC, from
the bud break to flowering. The maximum thresholds followed a similar tendency for both varieties,
although cv. ‘Airén’ was more sensitive than cv.
‘Cencibel’.
3.2. Relationships between crop growth
stages and growing degree-days
After calculating the method and threshold temperatures for every stage that best fit the observed
data, the mean GDD is presented in Fig. 4 for the
validation period (2001-2010).

3.2.1. Spring crops
The average GDD value for wheat was 1926 for
the calibration period (2001-2010). The longest
phenological stage was vegetative growth (FAO
Stage-II) with 693 GDD, followed by maturity
(FAO Stage-IV), with 504 GDD. Barley required
1496 GDD to complete its phenological cycle:
750 GDD for the two first stages and 746 from
flowering to maturity.
The results that were obtained when the selected GDD method and threshold temperatures were applied for the two validation seasons
present good fit regarding the confidence inter-
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GDDAVERAGE
2
0
GDDST
0
GDDDT
0
GDDSS
GDDDS
0
GDDCos
3
Spring barley
GDDAVERAGE
2
5
GDDST
0
GDDDT
0
GDDSS
GDDDS
0
0
GDDCos
Maize
6
GDDAVERAGE
GDDST
6
7
GDDDT
6
GDDSS
6
GDDDS
6
GDDCos
Onion
GDDAVERAGE
0
GDDST
5
5
GDDDT
0
GDDSS
0
GDDDS
0
GDDCos
Grape cv. ‘Airén’
5
GDDAVERAGE
5
GDDST
5
GDDDT
GDDSS
10
GDDDS
5
GDDCos
5
Grape cv. ‘Cencibel’
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vals (Tab. 4). If the required GDD is represented in days, the difference between predicted
and observed GDD that was necessary to complete each phenological stage can be appreciated. For wheat and barley the error is no more
than four days, except for the establishment
stage, in which higher error can be noticed.
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3.2.2. Summer crops
with high water requirements
The average value in maize GDD for the considered period (2001-2010) was 1986: 938 GDD for
vegetative growth and 1048 GDD from flowering
to phenological maturity (Fig. 4). The length of
the cycle from emergence to physiological maturity varied between 1979 and 2203 GDD. Increases in the total cycle length were related to
increases in the duration of the vegetative growth
(FAO Stage-II) and physiological maturity (FAO
Stage-IV) periods (Fig. 5c). The highest variation
in confidence intervals was obtained at the development and maturity stages. The validation seasons showed good results. However, during
flowering the required GDD was below this interval for the 2011-2012 season (Fig. 5c).
The onion crop requires 1977 GDD to complete the
growing cycle (Fig. 4) and 972 GDD to start bulbing.

54

3.2.3. Grape
Results for the cv. ‘Airén’ (2419 GDD) showed
higher heat requirements than did those for cv.
‘Cencibel’ (1964 GDD) to complete the annual
growth cycle (Fig. 4). The main differences were
observed during the flowering stage where cv.
‘Airén’ requires double the amount of GDD than
does cv. ‘Cencibel’. However, the confidence interval for both varieties shows low variability for every
phenological stage (Fig. 5e, f). The validation results
show a good fit, with all of the obtained GDD close
to median values.
3.3. Green canopy cover estimations
After obtaining orthoimages from UAVs and performing the different sampling events throughout
the growing cycle for maize and onion, the GCC
and GDD were then used to characterize the growing cycle (Fig. 6).
For maize crop, the results showed GCC values
ranging from 7.29% to 95.36% and the total amount
of GDD was 2059 from emergence to maturity for
the maize growing season (Fig. 6a). The maximum
values of GCC were reached at FAO-Stage III 1208
GDD. The end of FAO-Stage IV occurred at 2059
GDD, at which GCC continued decreasing to 0
until 2199 GDD (Fig. 6a).
Fig. 6b shows the progression of GCC during the

Fig. 4 - Mean pattern
for phenological events
(2001-2010). Each colour
represents a different
phenological stage
whose size is proportional
to the phenological length.
The phenological stage
length in days is
in parentheses.
Fig. 4 - Andamendo medio
delle fasi fenologiche
(2001-2010). Ogni colore
rappresenta una diversa
fase fenologica
la cui dimensione
è proporzionale
alla sua durata
(i valori in giorni
sono tra parentesi).
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FAO Stage-II
Error
(Days)

GDDOBS Days

FAO Stage-III

FAO Stage-IV

Length

Error Length
Error
(Days)
(Days)
GDDOBS Days
GDDOBS Days

Length

Complete Phenological cycle
Error
(Days)

GDDOBS Days

Length
GDDobs Days

Spring wheat
Pozocañada
(2010/2011)
Pozocañada
(2011/2012)
Spring barley

449.50

70

+1

734.56

59

+2

302.38

12

0

468.78

25

+2

1955.22

166

457.84

74

+2

650.20

59

-2

322.92

10

+1

472.09

28

+2

1903.05

171

Tarazona de La Mancha 368.99
(2010/2011)
Tarazona de La Mancha 380.52
(2011/2012)
Maize

51

+4

470.58

53

+2

339.46

24

-1

461.66

28

+2

1640.68

156

50

+6

427.67

52

-4

322.68

21

-2

487.89

31

+3

1618.76

154

Tarazona de la Mancha
(2010/2011)
Tarazona deLa Mancha
(2011/2012)
Onion

388.87

31

+1

555.04

34

+4

442.17

35

+1

697.88

40

+3

2083.96

140

381.76

35

+1

649.81

37

+9

363.31

42

-5

664.31

44

+1

2059.20

158

Pozocañada
(2010/2011)
Pozocañada
(2011/2012)
Grape cv. Airén

493.808

64

-4

468.880

29

+1

648.81

49

0

278.48

16

-3

1889.98

158

495.765

69

-4

404.632

32

-2

735.16

52

+4

329.00

19

-1

1964.56

172

Tarazona de La Mancha 782.90
(2010/2011)
Tarazona de La Mancha 748.67
(2011/2012)
Grape cv. Cencibel

65

-2

276.25

17

-1

884.92

48

+1

414.75

28

-5

2358.82

158

66

-2

318.54

19

+1

911.18

52

+2

379.65

26

-6

2358.04

163

Tarazona de La Mancha 530.558
(2010/2011)
Tarazona de La Mancha 521.859
(2011/2012)

44

+2

115.735

17

-1

855.80

34

+3

561.401 52

+1

2063.49

147

39

+2

120.888

15

-2

834.41

36

+2

521.59

-1

1998.74

141

51

4. DISCUSSION
4.1. Threshold temperatures and growing degree estimations
4.1.1. Spring crops
The average model was used in many studies as
GDD calculation method for spring cereals and
with a constant TLMIN as the only threshold con-

sidered for the entire growth cycle (Bauer et al.,
1992). Although GDDAVERAGE could be considered
as an acceptable method with X2 values approximately 0.9 in some phenological stages, this
method offered poor values at FAO Stages I and
IV including weak statistical results for the entire
cycle (Tab. 3). This method could be applied as
an alternative for simplifying the calculation
process, but the accuracy would be reduced overall if the same threshold temperatures were used
throughout growth.
The major difference in GDD between wheat and
barley is the lower heat unit requirements to
reach maturity (Tab. 4). However, barley and
wheat cultivars required approximately the same
number of GDD from anthesis to maturating.
Wheat is traditionally considered to reach an optimum growth rate with a temperature from 17 to
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entire crop cycle for onion crop. The GCC values
ranged from a minimum of 2.13% to a maximum of
51.00%. Through FAO Stage-I, GCC values were
lower than 10.00%. Green canopy cover values
greater than 15% could not be found until 833
GDD at the end of the crop development stage. According to the described results for maize crop, the
maximum values for GCC were reached at midseason (FAO Stage-III), at 1570 GDD, although the
GCC was near the maximum at 1300 GDD.

Italian Journal of Agrometeorology - 3/2015

Tab. 4 - Observed Growing degree-days (GDDOBS) and observed days for each phenological stage in the validation period
(2010-2012) and error between the expected length and observed length where positive values indicate an overestimation
between the expected and observed length and negative value indicates an underestimation between the expected and observed stages.
Tab. 4 - Gradi giorno osservati (GDDOBS) e giorni osservati per ogni fase fenologica del periodo di validazione (2010-2012)
e l’errore tra la durata prevista e osservati in cui i valori positivi indicano una sovrastima tra la lunghezza atteso e osservata
e i valori negativi indica una sottostima.
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Fig. 5 - Box plot results for the growing degree-days (GDD) and selected threshold temperatures (2001-2010) and the results for the two validation years.
Fig. 5 - Box plot per i valori dei gradi giorno (GDD) e delle soglie selezionate (2001-2010) e i risultati dei due anni di validazione.
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23 ºC over the course of an entire growing season,
with a TLMIN of 0 ºC and a TLMAX of 37 ºC, beyond
which growth stops (Porter and Gawith, 1999).
The threshold temperatures that were obtained
in this study across different growing stages were
consistent with the research of Porter and Gawith
(1999) who reported: 10.6 ºC for terminal
spikelet, 21 ºC for anthesis and 20.7 ºC for grain
filling as optimum temperatures. Although lower
thermal units were needed for barley, similar
threshold temperatures were obtained. In addition, a similar behaviour related to the optimum
range was observed: from 15 ºC during vegetative stage to 17-18 ºC for anthesis (López-Bellido, 1991).
The maximum threshold temperatures increased
with crop growth and development progress (Tab.

3): the TLMAX increased from 30 ºC at the flowering stage to 36 ºC at the end of the cycle, (Luo,
2011). There was a low tolerance to cold temperatures at the flowering stage because of their sensitivity to late frost events during the reproductive
period (Rawson et al., 2000; Luo 2011); therefore
so accurately estimating the TLMIN for FAO StageIII would be an essential step for cereals.
4.1.2. Summer crops
with high water requirements
Maize requires a long development season and
warm weather, its growth is not possible where
minimum mean temperatures in the summer are
under 19 ºC or night minimum temperatures are
lower than 13 ºC (López-Bellido, 1991). Although
38 ºC is considered by some authors as a lethal
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temperature for leaf photosynthesis (CraftsBrandner and Salvucci, 2002), the TLMAX that was
obtained at this research at reproductive stage exceeded this threshold (40 ºC). The minimum
threshold temperature increase at FAO Stage-III
is highly influenced by the sensitivity to cold during the reproductive stage as for spring cereals.
To reduce this variability it is essential to accurately estimate the threshold temperatures from
silking to phenological maturity.
As for spring crops, the GDDAVERAGE is the reference method in different environments for onion
crops (Lancaster et al., 1996; Tei et al., 1996). Additionally, a low temperature is often the only
threshold that is considered for the whole growth
cycle. However, selecting the GDDAVERAGE is not
the best method to estimate the GDD. Lancaster

et al., (1996) reported 600 GDD as the minimum
value for onion cv. ‘Early Longkeeper’ to reach the
bulbing stage. The results that were obtained in
this study for cv. ‘Cíclope’ showed higher values
(Fig. 4) to reach this stage (972 GDD). According
to this author the reason for this crop behaviour is
the minimum day length that is required to start
bulbing (13.5 h). In this study onion varieties were
sowed early (around the 15th of February), involving a higher number of GDD to reach bulbing.
Therefore, the accurate determination of TLMIN is
a key factor regarding to the bulbing stage.
4.1.3. Grape
Some authors reported optimum temperature
ranges from 12 to 33 ºC for Italy, Spain and Portugal locations (Poni et al., 2012). Although tem-

Fig. 6 - GCC patterns
and crop coefficient (Kc)
curve throughout the
phenological cycle
for a) maize and b) onion.
Kcini: initial kc value of Kc;
Kcmid: midseason kc value;
and Kcend: final kc value.
According to Allen et al.
(1998), the recommended
values for Kcini, Kcmid
and Kcend are 0.3; 1.20
and 0. for maize and 0.7;
1.05 and 0.75 for onion,
35 respectively.
Fig. 6 - Andamenti di GCC
e dei coefficienti colturali
(Kc) per tutto il ciclo
fenologico per a) granturco
e b) cipolla.
Kcini: Valore iniziale di Kc;
Kcmid: Valore a mezza
stagione; e Kcend: Valore Kc
finale. Secondo Allen et al.
(1998), i valori consigliati
per Kcini, Kcmid e Kcend
sono 0,3; 1.20 e 0.
per il granturco e 0.7;
1.05 e 0.75 per la cipolla
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peratures below 3.5 ºC are considered on bud
break on 34 Portuguese cultivars (Lopes et al.,
2008), they seem to be a too low for this area.
Minimum threshold temperatures from 5 to 8 ºC
for 12 different cultivars for leaf appearance, reported by Moncur et al., (1989), could be more
representative of thermal requirements. On the
other hand, the TLMAX that was selected for maturity was 35 ºC, which would avoid the negative impacts in grape production at temperatures higher
than 35 ºC in either the growing or ripening season (Gladstones, 1992).
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4.2. Thermal time durations
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4.2.1. Spring crops
Generally, the early development of barley could
be more attributable to a high rate of vegetative
growth prior to anthesis, due to the difference in
developmental patterns between the two crops
relative to the number of leaves, spikelet development and kernel weight (Wong and Baker,
1986; Bauer et al., 1992). The onset of flowering
in spring wheat usually begins after the head extension stage (spikes are visible above the flag
leaf collar and peduncles continue to elongate)
according to Haun (1973) for em. ‘Thull’. In contrast, the onset of flowering in spring barley begins at approximately the mid boot stage and is
completed by the time the head has emerged
from the flag leaf collar. Thus, the plant development stage at which flowering begins contributes to the main differences between spring
wheat and spring barley in the time interval from
emergence to maturity (Bauer et al., 1992). The
highest errors in days found at establishment
(Tab. 4) could be due to this stage being the most
sensitive to the accuracy of the method and
threshold temperatures (Rawson and Macpherson, 2000).
Although, Andarzian et al., (2011) reported 1756
GDD for more than 10 spring wheat genotypes
to the end of maturity for wheat crop, this value is
quite lower than the values that were obtained in
this study. These differences can be due to selecting threshold temperatures (0 and 26 ºC) as
conservative variables, which are considered constant throughout the growing cycle and used as
the GDD calculation method GDDAVERAGE.
4.2.2. Summer crops
with high water requirements
Some authors obtained similar results for the
same area and cultivar: 2210, 2144 and 2061 as

GDD values for the whole growth cycle for three
consecutive years of maize field experiments
(2001-2003) (de Juan Valero et al., 2005). The
number of GDD at every growth stage offers
some differences with respect to the values that
were obtained in this study: de Juan Valero et al.,
(2005) obtained lower GDD values for the last
stages, as the selected threshold temperatures
were considered constant for the entire cycle,
which is restrictive to accumulating GDD at the
end of the cycle. The thermal time that is required to complete a growing stage may be constant and depends on the hybrid (Cutforth and
Shakewich, 1989). Differences in the GDD during the physiological maturity stage due to lower
temperatures are consistent with previous research (Dwyer and Stewart, 1986).
The required GDD to reach the bulbing stage is
consistent with research by Lancaster et al.,
(1996) who reported 600 GDD as the minimum
value for onion cv. ‘Early Longkeeper’ to reach
FAO Stage- III. The results that were obtained in
this study show higher values (Fig. 4) to reach this
stage (972 GDD). According to Lancaster et al.,
(1996) the reason for this crop behaviour is the
minimum day length that is required to start bulbing (13.5 h). In this study onion varieties were
sowed early (around the 15th of February), involving a higher number of GDD to reach bulbing. Confidence intervals show good results for
the selected methods and threshold temperatures. Restrictive variables, such as weeds at the
vegetative stage or frost, which are usual at these
stages and stop onion growth beyond GDD, could
be the cause of the highest intervals that were observed during the vegetative and bulbing stages.
4.2.3. Grape
The total amount of GDD has been traditionally
reported to be between 2800 and 4000 GDD to
reach the physiological maturity of fruits (Branas,
1974). These values are much higher than those
that are required by these varieties.
The thermal requirements are higher than those
needed for ripening in the cv. ‘Merlot’ (1693
GDD) and similar to research by Amorós et al.,
(2010) for cv. ‘Cencibel’. Similar data were obtained from 1987 to 1991 for 10 different varieties
in nearby locations such as Tomelloso (Jiménez,
1993). The low impact of other climatic variables,
such as precipitation or solar radiation, or cultural
practices even for rain-fed vineyards could explain the low variability for every growing stage
duration.
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4.3. Green canopy cover pattern throughout
the growing cycle
4.3.1 Maize
Doorenbos and Pruitt (1977) reported that maximum values should be reached at the end of
crop development stage (Fig. 6a). Although,
these maximum values were reached at 1208
GDD at FAO Stage-III they were within the
range of maximum values at the beginning of this
stage. The GCC began to decline at the start of
FAO Stage–IV, meaning that higher than usual
maximum values were tolerated at the end of
FAO Stage-III. During this time of maximum
GCC, yield formation occurs, which involves
maximum values being tolerated longer than expected by the crop and declining at the middle of
FAO Stage-IV.
Physiological maturity is the time that GCC declines to zero (Steduto et al., 2009). Nevertheless, GCC continues decreasing after the end of
FAO Stage-IV; because mechanical harvest of
maize is performed when kernels begin drying
(less than 18% of water content), at 2199 GDD
and not at kernel physiological maturity (35% of
water content).
The total number of GDD (2059) agrees with the
interval that was proposed by de Juan Valero et
al., (2005): 2061 to 2210 as total required GDD in
the same area.
4.3.2. Onion
Low obtained values of GCC through FAO StageI fit with Fig. 6b data from most studies (Steduto
et al., 2009). Other authors, such as López-Urrea
et al., (2009), correlated GCC with Kc values,
showing very similar behaviour of GCC to the
pattern observed here for a similar variety (cv.
‘Granero’). However, absolute values reported by
López-Urrea et al., (2009) are higher than those
that were collected in this study. This result may
be due to a lower plant density because the environment is quite similar and the varieties are considered Long-Day onions.
5. CONCLUSIONS
The use of the proposed methodology, involving
the proper selection of GDD calculation methods
and threshold temperatures for each phenological stage of the crop, is useful for characterizing
crop growth and development using thermal time
and can be used to advise farmers on water requirements.
Although no significant differences were found

between the GDD methods, the same method
were implemented across all phenological stages
with the limit of temperature variations in order
not to limit the adoption of this methodology because of its complexity. Most of the studied crops
required triangle-based methods except for maize
crop which required GDDSD to reach the best fit
for the different growth and development stages.
For spring cereals, the selected threshold temperatures ranged from 0º to 5 ºC (TLMIN) and from
20 to 36 ºC (TLMAX). In the case of maize, TLMIN
varied from 6 to 11 ºC and TLMAX varied from 26
ºC at the establishment stage to 40 ºC at maturity.
The selection of different threshold temperatures
at different stages involved an improvement in
the GDD calculation methods compared to a constant TLMIN of 8 ºC, which is used in most crop
models. The selected threshold temperatures
were quite similar for the two considered varieties
of grape. These temperatures also presented uniform behaviour throughout the phenological
cycle: the values for TLMIN and TLMAX were approximately 5 ºC and 27ºC, respectively, from
emergence to the end of growth and 10 and 35 ºC
were the minimum and maximum values to the
end of the phenological cycle.
The study of GCC patterns and their relationships
with the progression of GDD are appropriate
tools for characterizing crop growth and development stages based on the FAO methodology to
determine the crop water requirements.
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