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a b s t r a c t

This study describes the relationship between air temperature and the loss of greenness in lemon rind
and the appearance of the typical yellow colour in the lemon varieties Eureka Frost on Citrus macrophylla
rootstock. Lemon rind loses its green colour naturally in temperate climates when air temperatures fall.
Greenness can be measured as the loss of ‘‘a’’ in reflection colorimetry. For each data recording session,
while the mean air temperature is a certain fact, measurements of the coordinate a may show substantial
variability despite the fact that they are made with an instrument of great accuracy. We propose a fuzzy
methodology combining two elements: (a) possibilistic regression by means of trapezoidal fuzzy num-
bers, the estimate of which will provide a range of values that the variable in question could attain for
a given mean temperature, and (b) the use of rules of the type if. . . then; this provides greater accuracy
to the estimate because the degreening process only occurs between given temperatures. Until these
temperatures fall below 11.5–16 �C, degreening cannot be considered to have begun and the temperature
will not influence the coordinate a. Finally, the aim of this kind of study is not to obtain one isolated esti-
mate but rather a range of possible values that reflect reality.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Colour and colour uniformity are two of the main attributes that
define the direct quality of citrus fruits. Colour is often taken as an
index of freshness, palatability and nutritional value (Haisman and
Clarke, 1975).

Commercial harvesting of lemons (Citrus lemon Burm. f) in
Spain for the international fresh fruit market, especially destined
for northern European countries, begins when fruit diameter ex-
ceeds 56–58 mm and the percentage of juice is greater than 30%
(García Lidón et al., 2003). In mid-September, fruits are harvested
when their external rind colour is still green and are commercially
degreened after harvest by exposing them to ethylene for a few
days (Porat, 2008). When nights get colder, between the end of
October and mid-November, the chlorophylls present in the rind
are degraded and previously masked carotenes are freshly

synthesised (Soni and Randhawa, 1969; Sinclair, 1984), imparting
the characteristic ‘‘lemon yellow’’ colour to the fruit. The number
of carotenoids in citrus fruit is very high (Gross, 1977; Casas and
Mallent, 1988a; Lee and Coates, 2003; Meléndez Martínez et al.,
2007, 2010a, 2010b), mainly due to a complex mixture of carote-
noids (Ting and Attaway, 1971; Stewart, 1980; Spiegel-Roy and
Goldschmidt, 1996).

In lemon, the total concentration of carotenoids is lower than in
navel orange (Citrus sinensis Osbeck), (Yokoyama and Vandercook,
1967). More recently, Kato et al. (2004) showed that the lemon Lis-
bon accumulates carotenoids, the principal one being b-cryptoxan-
thin although at lower levels than in Satsuma and Valencia orange.
The decline in rind chlorophyll takes several months and the onset
of carotenoid accumulation almost coincides with the disappear-
ance of chlorophyll (Spiegel-Roy and Goldschmidt, 1996). Citrus
fruit are routinely degreened by a process in which the fruit are ex-
posed to ethylene before packing (Petracek and Montalvo, 1997).
Degreening is considered to be essential to produce marketable
early season citrus fruits.

Environmental, nutritional and hormonal signals appear to be
involved in the control of chlorophyll-chromoplast interconver-
sions (Casas and Mallent, 1988a, 1988b; Richardson and Cowan,
1995; Spiegel-Roy and Goldschmidt, 1996; Navarro et al., 2010).
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Many studies have looked at the effect of climate on citrus fruit
quality, the classic work in this respect being that of Reuther
(1973). However, few authors have looked at the correlation be-
tween changes in colour on the tree and temperature.

In experiments carried out in Florida with the orange cultivars
Hamlin, Parson Brown and Pineapple rind colour turned at
12.8 �C. The speed with which the fruit reached maximum colour-
ation depended on the severity of the decrease in temperature, and
the number of days that temperatures remained below 12.8 �C
(Stearns and Young, 1942). Grierson et al. (1986) suggested that
during cool nights (<12.5 �C) fruit are subjected to a mild stress
that triggers endogenous ethylene production, resulting in chloro-
phyll degradation and the unmasking and/or synthesis of other
natural pigments.

Rind colour of lemon can be determined by several non-
destructive methods, among them colorimetry and tristimulus col-
orimetry, which are both easy and rapid. Among the different col-
orimetric coordinates provided by the colorimeter, the coordinate
that measures greenness is a, which is influenced by the tempera-
tures experienced on the days preceding measurement (Manera
et al., 2012a).

Studies related with the degreening of citrus in the laboratory
or during storage are frequent (Artés et al., 1997, 1999; Eaks,
1977; John-Karuppiah and Burns, 2010; Petracek and Montalvo,
1997; Tietel et al., 2010; Zhou et al., 2010), but few deal with the
physical process of change and its correlation with temperature.
In the present study, we take a fresh look at the works of Stearns
and Young (1942), Manera et al. (2012b), and Manera et al.
(2013) and attempt to deepen our knowledge of perceived colour
change and its relation with temperature, using fuzzy
mathematics.

The degradation of chlorophylls permits the unmasking of other
natural pigments that already exist in the lemon rind, such as
carotenoids, which are responsible for its characteristic yellow col-
our. For this reason, to study the appearance of yellow colour in
lemons, it is sufficient to study chlorophyll degradation by measur-
ing the colorimetric parameter a.

Degreening, measured by parameter a is mainly influenced by
air temperature, although the relation is very difficult to delimit
mathematically since:

(1) it is very difficult to control all field conditions of soil, irriga-
tion, fertilisation, etc.,

(2) the parameters measured in the fruit are also influenced by
their height above the ground, position on the branch, orien-
tation, etc.,

(3) rind colouring is not homogeneous,
(4) while temperature is the most important variable, other

environmental conditions are also influential – radiation,
relative humidity, rainfall, etc.

In short, the relation between temperature and lemon rind col-
our presents many uncertainties, not only due to the above men-
tioned factors, but also due to differences in the methods used to
explain the relation. Even though we may know the relation be-
tween temperature and the evolution of parameter a, this relation
occurs within a certain range of temperatures since when temper-
atures are high any variation in the same does not affect the coor-
dinate a, and the same applies when temperature same excessively
low. However, ‘‘high’’ and ‘‘low’’ are ambiguous concepts and diffi-
cult to delimit, especially since degreening is not triggered at a
fixed temperature, but rather between a given maximum and min-
imum, it being practically impossible to exactly predict the value at
which the process will start each year.

Uncertainty can be defined as any deviation from the unachiev-
able ideal of completely deterministic knowledge of the relevant

system. Walker et al. (2003) distinguished three dimensions of
uncertainty, while Janssen et al. (2010) distinguished six kinds of
uncertainty: context, model structure, model technical, input,
parameter and aggregated uncertainty.

Several authors have dealt with uncertainty using fuzzy sets
(e.g. Klir and Yuan, 1995; Zimmermann, 2000; Zadeh, 2005; Ter-
ceño-Gomez et al., 2009, Brotons and Terceño, 2010). The applica-
tion of fuzzy set theory is a suitable approach in cases in which
uncertainty is due to incompleteness or imprecision. Fuzzy meth-
odology has been used to explain agronomic phenomena, including
an evaluation of varieties of water melon (Hou et al., 2009), to eval-
uate soil productivity (Duru et al., 2010) and to analyse soil-land-
scape (Schmidt et al., 2005). Mazloumzadeh et al. (2010) carried
out a study to improve date palm yield using maps of the variation
in tree properties. The Mamdani fuzzy inference system was used
to classify the productive trees based on yield, fruit length and vi-
sual appearance, and to produce a tree total quality map for each
grove. In the same way, Tremblay et al. (2010), developed a fuzzy
logic methodology to determine optimum rates of N for corn on the
basis of field and crop features.

In our case, fuzzy methodology allows us to introduce this
uncertainty into a model, and to treat it. In the first place, it enables
punctual estimation through defuzzification of the results, while
bearing in mind the uncertainty, secondly, it permits the range in
which the value of parameter a can vary for each temperature to
be obtained. In this way, a first range is provided that indicates
all the possible values that coordinate a might show, and a second
range (included in the first) that indicates the values that coordi-
nate a is more likely to reach.

In this work, therefore, we use fuzzy methodology to explain
the correlation between the natural degreening of lemon fruits
on the tree (parameter a) and temperature, in an objective and
practical way, identifying when the process begins. This should
help growers and the citrus industry in general to decide whether
or not artificial degreening will be needed after harvest to satisfy
the strict timetable of lemon marketing and to save the costs in-
volved in this process. As long as meteorological data are available
for a given region, the results will also be of great interest for
deciding whether new sites are suitable for lemon tree cultivation
or whether artificial degreening will add to the costs involved.

2. Materials and methods

2.1. Plant material and data gathering

The cultivar used in this study is Eureka Frost, one of the most
important on a worldwide scale, on Citrus macrophylla rootstock
(Saunt, 1990). The trees were planted in April 1983 in a plot at
Murcian Institute of Agriculture and Food Research and Develop-
ment, La Alberca (Murcia, SE Spain). Tree spacing was 6 � 6 m,
and drip irrigation was provided by 5 emitters per tree with a flow
rate of 4 l/h. Annual average temperature is 18.7 �C and annual
rainfall 321 mm. The soil is permeable and calcareous (17.1% total
calcium carbonate). All the trees used in the study were healthy
and in full production.

The external colour of the fruit was measured in the HunterLab
colour space (Hunter, 1967) with illuminant C (representative of
daylight), using a colorimeter Minolta CR-300 reflection colorime-
ter, double-beam tristimulus in the visible light range, standard
observer angle, CIE-2� and a white calibration plate, taking three
readings in the equatorial zone of each fruit. For each reading,
the colorimetric coordinates L, a and b were measured. Colour
coordinate L measures luminosity (100 for white and 0 for black).
Colorimetric coordinate a corresponds to the green–red axis,
where negative values are related with green and positive with
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red (�60 green, +60 red) (MacDougall, 2002), and b measures vari-
ations from blue to yellow (�60 blue, +60 yellow). Any decrease in
the chlorophyll content of fruit is associated with coordinate a
(Kidsome et al., 2002), which is the only coordinate we analyse
in this work.

To determine the influence of mean and minimum tempera-
tures on the development of external colour in lemon fruit, ten
fruit (five from the north face and five from the south face) were
randomly chosen and labelled on each of four trees at the begin-
ning of the assay period in the 2003/04, 2005/06, 2006/07, 2007/
08, 2008/09, 2009/10 and 2010/11 seasons that run from Septem-
ber to February of the following year. Measurements were made
approximately every ten days (about 3600 measurements in total).
The temperatures data were collected from a weather station in
the same experimental orchard: MU62, la Alberca, Murcia, (SIAM,
2011). Minimum temperature and mean temperature were calcu-
lated from hourly measurements. For this study, we have worked
with simple moving averages (the unweighted mean of the previ-
ous 7, 14, 21 and 28 days).

2.2. Fuzzy concepts

A fuzzy set of a set X is defined by a membership function l(x)
that takes for each value of x a membership value in the range
[0,1]. A fuzzy set of R is called a fuzzy number if the membership
function l(x) is convex and normalised. A trapezoidal fuzzy
number can be defined by its support and its kernel
bounds A ¼ ðKA;RAÞ ¼ ð½K�A ;K

þ
A �; ½S

�
A ; S

þ
A �Þ, where support:

SA ¼ ½S�A ; S
þ
A �, Kernel: KA ¼ ½K�A ;K

þ
A � (see Fig. 1). The a-cut of a

trapezoidal fuzzy number is defined as ½A�a ¼ ½ðA
�Þa; ðA

þÞa�,
ðA�Þa ¼ inffx=lðxÞP a; x P S�A g, ðA

þÞa ¼ inffx=lðxÞP a; x P SþA g.

2.3. Trapezoidal fuzzy regression

Let us consider a set of N observed data samples defined on an
interval D = [xmin, xmax]. Let the jth sample be represented by the
couple ðxj;YjÞ; j ¼ 1; . . . ;N, where xj are crisp and Yj are the corre-
sponding fuzzy output. The objective is to determine a predicted
functional relationship

YðxÞ ¼ A0 � A1 � x ð1Þ

defined on the domain D. The parameters A0 and A1 are trapezoidal
fuzzy coefficients. As a result, the output is fuzzy, as well. In order to
identify the parameters A0 and A1, it must be imposed that all the
observed data are included in the predicted data for any a-cut. As
the output of the model is a trapezoidal fuzzy number, two con-
straints must be taken into consideration in order to guarantee
the total inclusion of the data in the predicted one for each level a:

½Yj�a¼0 # ½bY j�a¼0; and ½Yj�a¼1 # ½bY j�a¼1 ð2Þ

The output model tendencies are not taken into account in the
conventional method. In order to solve this problem, Bisserier et al.
(2010) propose a modified model expression in which the model
output can have any kind of spread variation for any sign of x by
introducing a shift on the original model input.

YðxÞ ¼ A0 � A1ðx� shiftÞ ð3Þ

When the model has an increasing radius, shift = xmin will be ta-
ken, and shift = xmax will be taken in the contrary, if the model has a
decreasing radius. Denoting wj = xj � shift, the output of the fuzzy
model is a trapezoidal interval given by:

8w 2 D :

K�
Yb¼ K�A0

þ ðMðKA1 Þ � RðKA1 Þ:DÞw

KþbY ¼ KþA0
þ ðMðKA1 Þ þ RðKA1 Þ:DÞw

S�bY ¼ S�A0
þ ðMðSA1 Þ � RðSA1 Þ:DÞw

SþbY ¼ SþA0
þ ðMðSA1 Þ þ RðSA1 Þ:DÞw

8>>>>>><
>>>>>>:

ð4Þ

where D ¼ signðwmin þwmaxÞ, and M() is the midpoint and R() is the
radius (for example, MðKA1 Þ ¼ ðK

�
A1
þ KþA1

Þ=2 and
RðKA1 Þ ¼ ðK

�
A1
� KþA1

Þ=2, and the output spread is given by
Rð½SYj

�Þ ¼ Rð½A0�Þ þ Rð½A1�Þwj.

The optimisation program (Bisserier et al., 2010) is:

minðwmax �wminÞðRðKA0 Þ þ RðSA0 ÞÞ þ
1
2
ðw2

max �w2
minÞðRðKA1 Þ þ RðSA1 ÞÞD ð5Þ

For a ¼ 1;KYj
2 ½K�bY j

;KþbY j

� () jMðKŶj
Þ � KYj

j 6 RðKbY j
Þ ð6Þ

For a ¼ 0; ½KYj
� RYj

;KYj
þ RYj

�# ½S�Yj
; SþYj
� () jMðSbY j

Þ � KYj
j

6 RðSbY j
Þ � RYj

ð7Þ

The inclusion of the kernel in the support gives:

½K�bY j

;KþbY j

�# ½S�bY j

; SþbY j

� () jMðSbY j
Þ �MðKbY j

Þj 6 jRðSbY j
Þ � RðKbY j

Þj ð8Þ

where

MðKbY j
Þ ¼ MðKA0Þ þMðKA1 Þwj

RðKbY j
Þ ¼ RðKA0Þ þ RðKA1 ÞwjD

MðSbY j
Þ ¼ MðSA0Þ þMðSA1 Þwj

RðSbY j
Þ ¼ RðSA0Þ þ RðSA1 ÞwjD

ð9Þ

2.4. Fuzzy rules

In accordance with Gil-Aluja (1999), one can define a relation to
every kind of association capable of revealing the levels of connec-
tion between physical or mental objects belonging to the same set
or between objects belonging to different sets.

A fuzzy relation R from a fuzzy set A in X to a fuzzy set B in Y is a
fuzzy set, and is the Cartesian product A � B in Cartesian product
space X � Y. R is characterised by the membership function
expressing various degrees of strength of relation, such as (using
min T-norm):

R ¼ A� B ¼
X

lRðx; yÞ
.
ðx; yÞ ¼

X
minðlAðxÞ;lBðyÞÞ ð10Þ

The rules in the fuzzy knowledge base are of the shape ‘‘if x,
then y’’, with x and y fuzzy sets represented by membership func-
tions. We denote the membership functions of the temperature of
the above described regions as l1(x), l2(x) and l3(x). Assuming
that the value x* belongs to the three regions, the value of the col-
orimetric coordinate a must be estimated according to expression
(3) using expressions (5)–(8).Fig. 1. Fuzzy trapezoidal number.
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The extremes of the aggregated TrFN are:

A ¼ a1l1ðx�Þ þ a2l2ðx�Þ þ a3l3ðx�Þ ð11Þ

and B, C and D are obtained in a similar way.

2.4.1. Defuzzification
The centre of gravity determines the centre of the area below

the combined membership function, and the defuzzified value of
a fuzzy number is,

x ¼
R
lðxÞ � x � dxR
lðxÞ � dx

ð12Þ

3. Results and discussion

3.1. Evolution of parameter a

From August and until the end of winter, a values of the varie-
ties Eureka, Fino and Lisbon increased simultaneously with de-
creases in the temperatures (Fig. 2). In other words, as the
temperatures fell, the a value increased.

Fig. 3 shows the relationship between a values and the tem-
peratures for all the years covered by the study. While
temperature is a certain value, the value of a is not certain,
since, although it can be measured exactly with a colorimeter,
it does not take on one value for each date, but a range of values
which must be related with the corresponding temperature. The
values obtained with the colorimeter depend on, among other
factors, the size of the fruit, its position on the tree, whether
or not it is exposed to direct sunlight, distance above the ground,
etc.

As can be seen from Fig. 4, as the process begins when the dif-
ference between the maximum and minimum value of colorimet-
ric coordinate a becomes more pronounced and only at the end
does this difference decrease until it reaches zero. Temperature
has no effect on lemon colour until it falls below 13 �C. Similarly
temperatures below 7 �C do not influence colour because the fruit
will already be totally yellow.

In an attempt to predict a value at a given temperature, we shall
consider three regions: region 1, with high temperatures, where the
process has not yet begun, region 2, with intermediate tempera-
tures, where the degreening process has begun and where the evo-
lution of a is related with the temperature changes taking place, and
region 3, with low temperatures, when the degreening process has
finished. However, it is no easy task to separate these three regions
since degreening does not always begin on the same date but de-
pends on several factors, such as temperature, humidity, luminos-
ity, etc. In this study we analyse the effect of temperature on a,
assuming that the other variables are constant, even though this
does not happen in reality. Even assuming that the rest of the vari-
ables remain constant, the coordinate a takes different values for
each temperature. This means that degreening does not always
start in the same region or at the same values of the variable, and
also the end values differ from year to year. For this reason, the rela-
tion between colorimetric coordinate a and the temperature in the
intermediate region also differs from year to year.

To correctly design the model, the first aim will be to determine
the range of temperatures that influences the evolution of a, since
degreening does not begin until the temperature begins to fall from
approximately 13 �C, while, once a minimum temperature has
been exceeded, further falls have no effect on the degreening pro-
cess. Thus, for each data-taking session in which only one mean
temperature exists, the coordinate a takes on a wide range of val-
ues. Given that we are dealing with the data for seven years, the
problem becomes even more acute, because, for each temperature,
the difference between minimum and maximum values of a be-
come more pronounced.

The aim, therefore, is to determine the relationship between
temperature and the colorimetric coordinate a using possibilistic
regression. In this respect, several fuzzy regression approaches
have been proposed. The first was introduced by Tanaka et al.
(1982, 1989), who subsequently proposed the use of quadratic
membership (Tanaka and Ishibuchi, 1991) functions to estimate
the parameters, due to the problem arising from the fact that the
spread of the output increases around a central point. In this
way, Bisserier et al. (2010) proposed a tendency problem solution,
introducing the term shift.

Fig. 2. Evolution of the colorimetric coordinate a and temperatures in the period 2003/04. For the variable temperature we show the mean of the daily minimum values for
the 21 days preceding the day on which measurements were made. For coordinate a, we show the maximum, minimum and mean values obtained for each sampling date.
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Fuzzy regression has been developed from possibility theory
and statistical regression has been developed from probability the-
ory. When the dependent variable is obtained as fuzzy numbers,
the application of fuzzy regression is most suitable (Tanaka et al.,
1982). According to Kim et al. (1996), in terms of predictive and
descriptive capabilities, the choice between possibility and statisti-
cal will depend on various factors, in particular, when insufficient
data are available or the aptness of the regression model is poor.
For the situation proposed in this paper, possibilistic regression is
most suitable because: (1) input date are taken as fuzzy numbers,

(2) the relationship between temperatures and colorimetric vari-
able a is vague and imprecise and (3) the regions to use regression
or fixed number are delimited in an imprecise way.

To complete the study, we shall use an expert fuzzy system
composed of a knowledge base, an inference engine and a data
base. The knowledge base describes the inference rules, and the
second component links the data from the data base to the rules.
As a result, an outcome value is obtained. The rules in the fuzzy
knowledge base are generally of the shape ‘‘if x, then y’’, being x
and y fuzzy sets.

Fig. 3. Relationship between colour coordinate a and temperatures during the seven season of the study. Each of the series shows the evolution of the coordinate a in the
season indicated.

Fig. 4. Relationship between colorimetric coordinate a and minimum temperatures for season 2003/04. The minimum temperatures are the mean of the daily minimum
values for the 21 days preceding the day on which measurements were made. For coordinate a, we show the maximum, minimum and mean values obtained for each
sampling date.
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3.2. The regions studied

Fig. 3 illustrates the evolution of the colour coordinate a during
the different years in variety Eureka in the degreening period
(approximately September to February, when the mean tempera-
ture falls from 18–20 �C to approx. 5–6 �C). As can be seen, the va-
lue of a increases as the temperature falls. This figure also shows
the three regions studied, the first one with high temperatures,
where the value of a is always low, an intermediate series of tem-
peratures, where the value of a increases as the mean temperature
falls and another region in which the value of a is high and does not
depend on the evolution of temperature.

The regions mentioned above (Fig. 5) can be defined as follows:

– Region 1. Degreening has not yet begun and the value of a
remains below �12. Temperatures are above 13–14 �C.

– Region 2. Degreening, which began at approximately 13–14 �C,
is under way.

– Region 3. Degreening has finished and there is no relation
between temperature and the value of a. Temperatures are
below 6–7 �C.

It is difficult to determine whether a mean temperature belongs
to region 1, 2 or 3. The separation between regions 1 and 2 occurs
for the values shown in Table 1. Since temperature were not taken
daily, the process of degreening begins between two observations,
one when the process has not yet started and the second one, when
it is considered to be under way.

Based on Table 1, temperatures above 15.94 �C are considered
to belong to region 1 and those below 11.49 �C to region 2.

Similarly, the limit between regions 2 and 3 is defined by the
moment that the value of a stops falling. As in the previous case,
it is not possible to say the exact time when degreening stops, so
that the last observation in which a is still increasing and the first
when it has stopped (or decreases) are taken (see Table 2).

It is clear that temperatures below 4.5 �C place us within re-
gion 3 and that temperatures above 7.7 �C situate us in region
2. Nothing can be said a priori about temperatures between these
values.

As a consequence, we shall partition the temperatures, consid-
ering that a temperature below 4.5 �C belongs to region 3, with a
level of membership of 1. A temperature of 4.5–7.7 belongs to re-
gion 1, with a membership level between 0 and 1, but at the same
time belongs to region 2 with a different level of belonging, in
agreement with Fig. 5, etc. The membership to each region is
delimited by expressions (13)–(15).

Temperatures membership function, region 1.

l1ðxÞ ¼
1 x > 15:94

x�11:49
15:94�11:49 11:49 < x < 15:94
0 11:49 < x

8><
>: ð13Þ

Temperatures Membership function, region 2.

l2ðxÞ ¼

x�4:5
7:70�4:5 4:50 < x < 7:70
1 7:70 < x < 11:49

x�15:94
11:49�15:94 11:49 < x < 15:94
0 otherwise

8>>><
>>>:

ð14Þ

Temperatures Membership function, region 3.

l3ðxÞ ¼
1 x < 4:5

7:70�x
7:70�4:5 4:5 < x < 7:70

0 7:70 < x

8><
>: ð15Þ

3.3. Estimation of the colorimetric coordinate a

For this estimate, we shall first study the peculiarities of each of
the three regions before proceeding to the global estimate.

Fig. 5. Representation of the membership functions of regions 1, 2 and 3 as a function of the mean minimum temperatures of the last 21 days. a indicates the ‘‘level of
belonging’’ of a given temperature to each of the regions indicated.

Table 2
Delimitation of regions 2 and 3. Previous temperature observation refers to the
temperature recorded immediately before degreening finishes. Following tempera-
ture observation refers to the temperature recorded when parameter a is considered
to have no relation with temperature.

Year Previous temperature
observation

Following temperature
observation

2003/04 – –
2005/06 – –
2006/07 – –
2007/08 5.58 4.50
2008/09 5.61 4.55
2009/10 7.70 5.90
2010/11 5.62 4.59
Maximum 7.7 5.9
Minimum 5.58 4.5

Table 1
Delimitation of regions 1 and 2. Previous temperature observation refers to the
temperature recorded immediately before degreening begins. Following temperature
observation refers to the temperature recorded immediately after the process has
begun. The maximum and minimum are calculated from each column.

Year Previous temperature
observation

Following temperature
observation

2003/04 15.71 12.56
2005/06 14.22 14.09
2006/07 14.43 12.42
2007/08 14.74 13.29
2008/09 15.94 13.06
2009/10 13.9 11.49
2010/11 14.54 13.3
Maximum 15.94 14.09
Minimum 13.9 11.49
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3.3.1. Region 1
In region 1 the degreening process has not yet begun. Fig. 6

shows the range of values measured (for temperatures higher than
11 �C). For each year, the average of the maximum, minimum and

mean values of a are given in Table 3. The values representing this
region are taken as the mean of the previous measurements of the
seven seasons. In region 1, the values vary between -13.04 and
15.09, with 14.08 being the most probable value.

3.3.2. Region 2
The estimate of the regression (3) should be made in accordance

with the optimisation program (5)–(8). The results of the estimates
of coefficients A0 and A1 for all the seasons and the average are
shown in Table 4. The term shift is taken to be 15.94 (maximum
temperature of region 2, which in this case minimises the Bisserier
function for the seven seasons as a whole). Fig. 7 shows the results
for the 2003/04 season.

To estimate coordinate a the mean of the coefficients
was taken A0 ¼ ð½�17:17;13:97�; ½�19:10;�12:71�Þ and
A1 ¼ ð½�1:49;�1:26�; ½�1:63;�1:18�Þ. Fig. 7 shows the estimate
for the 2003/04 season, where the lines S�(estimated) and S+(esti-
mated) are the minimum and maximum values that coordinate a
can take, and K�(estimated) and K+(estimated) are the limits cal-
culated for the central values. The aim of the estimate is that the
series S�(estimated) and S+(estimated) include all the values of
the estimate and that K�(estimated) and K+(estimated) include

Fig. 6. Coordinate a and temperatures in region 1 and 3 during the seven seasons studied. The series a maximum, a minimum and a mean indicate the maximum, minimum
and mean values of coordinate a observed on each of the sampling dates.

Table 4
Summary of the estimates for the seven seasons. The coefficients A0 and A1 for the seven seasons and their average are shown. Also shown are the corresponding centre (M) and
radii (R) according to Fig. 7.

A0 A1

S(A0)� K(A0)� K(A0)+ S(A0)+ S(A1)� K(A1)� K(A1)+ S(A1)+

2003/04 �21.57 �20.63 �15.97 �15.57 �1.84 �1.69 �1.69 �1.69
2005/06 �17.10 �16.58 �15.38 �15.06 �0.63 �0.53 �0.35 �0.30
2006/07 �16.22 �15.99 �15.43 �15.17 �1.64 �1.50 �0.14 �0.01
2007/08 �16.81 �16.81 �16.10 �14.60 �1.50 �1.49 �1.42 �1.02
2008/09 �3.85 �0.54 4.34 4.89 �1.34 �1.34 �1.34 �1.34
2009/10 �27.92 �24.22 �18.40 �18.40 �2.68 �2.12 �2.12 �2.12
2010/11 �23.65 �18.51 �14.19 �8.16 �1.75 �1.75 �1.75 �1.75
Average �18.16 �16.18 �13.02 �11.72 �1.63 �1.49 �1.26 �1.18

M(SA0) �14.94 M(SA1) �1.40
R(SA0) 3.22 R(SA1) 0.22
M(KA0) �14.60 M(KA1) �1.37
R(KA0) 1.58 R(KA1) 0.11

Table 3
Representative values of region 1. The column a maximum represents the mean of the
values corresponding to region 1 of each campaign. The same applies to the columns a
minimum and a mean. The value a maximum corresponds to the maximum of the
column a maximum, the minimum with the minimum of the column a minimum, and
the mean max, and mean min to the maximum and minimum of the column a mean.

Season a maximum a minimum a mean

2003/04 �14.59 �15.84 �15.11
2005/06 �15.03 �16.03 �15.47
2006/07 �14.90 �15.89 �15.21
2007/08 �13.12 �14.24 �13.69
2008/09 �13.09 �15.12 �14.39
2009/10 �12.22 �14.75 �13.26
2010/11 �10.75 �14.66 �12.88

a maximum �10.75
a mean maximum �12.88
a mean minimum �15.47
a minimum �16.03
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the central values. Of all the possibilities, that with the smallest
area is taken. These results can be seen in Fig. 7 for the 2003/04
season, but also hold for the other seasons (not shown). The mean
values and the results for a temperature of 10 �C (as an example)
are shown in Fig. 8.

3.3.3. Region 3
Fig. 6 (for temperatures lower than 8 �C) depicts the values of

the coordinate a in region 3, below temperatures of approximately
7 �C. Degreening can be considered close to its end and no ten-
dency can be discerned. Following the same procedure as in region
1 gives Table 5. In short, the coordinate can be considered to vary
between -7.76 and 5.61, although the mean values only vary be-
tween �6.51 and 1.31.

Most of the points, representative of coordinate a, with maxima,
minima and means of all the measurements of the sampling day,
are situated between 3 and�4, although some observations are be-
tween 6 and �8. Moreover, it can be seen that the variability is
greater since the colorimetric coordinate a sometimes takes maxi-
mum values well above 0 and there are other minimum values that
hardly exceed �8.

3.3.4. Final estimate
Fitting of the observations of coordinate a by diffuse mathemat-

ics would be the equivalent of making three estimates for each

region and their weighting as a function of the membership func-
tion to the same, in accordance with Table 5. This gives the follow-
ing results:

Region 1: coordinate a takes the TrFN ([�15.47, �12.88],
[�16.03, �10.75]), a value we shall denote V1.
Region 2: the linear regression is estimated according to expres-
sion (4). The parameters estimated are: A0 = ([�17.17, 13.97],
[�19.10, �12.71]) and, A1 = ([� 1.49, �1.26], [�1.63, �1.18]), a
value we shall denote as V2(T), that is, a temperature-dependent
value.
Region 3: coordinate a takes TrFN ([�6.51, 1.31], [�7.76, 5.61]),
denoted as V3.

To obtain the final estimate, the value obtained for each region
(V1, V2(T) and V3) is multiplied by the membership function of the
temperature for the same region (l1, l2 and l3), in agreement with
expressions (13)–(15). As an example, Table 6 shows the results of
the membership functions for several temperatures.

First, an estimate is made for each season. For example, for
2003/04, generic estimates of regions 1 and 3 have been made
and, as estimated parameters of region 2, the mean estimated tem-
peratures have been taken: A0 = ([�20.63, �15.97], [�21, 57,
�15.57]) and A1 = ([�1.69, �1.69], [�1.84, �1.69]). The estimate
obtained is shown in Fig. 9. The TrFN estimated for each of the

Fig. 7. Possibilistic regression, season 2003/04, between colorimetric coordinate a and mean minimum temperature for the 21 days preceding sampling for region 2. The
series a maximum, a minimum and a mean indicate the maximum, minimum and mean values of coordinate a observed on each of the sampling dates. In turn, the series
S�(estimated) and S+(estimated) correspond to the minimum and maximum values that coordinate a can reach for each temperature, and the series K�(estimated) and
K+(estimated) include the mean values of the coordinate.

Fig. 8. Estimate of the colorimetric coordinate a for a temperature of 10 �C. The independent term eA0 and the coefficient of the independent term eA1 are fuzzy numbers. As a
consequence, the colorimetric coordinate a is also a fuzzy number that can take values of between �8.66 and �4.90, although the mean values should be between �6.69 and
�5.54.
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three regions are ([�15.47, �12.88], [�16.03, �10.75]) for region 1,
([�12.84, �10.53], [�14.33, �9.16]) for region 2, based on the pre-
vious estimations of A0 and A1 and following the expressions of (4),
and ([�6.51, 1.31], [�7.76, 5.61]) for region 3. The final fitting is
obtained by weighting the above TrFN with the membership

functions according to expressions (13)–(15). The result is shown
in Fig. 9.

In this way the three regions are integrated in one sole fit,
which permits all the observed values of the colorimetric coordi-
nate to be included (region delimited between S�(Estimated)
and S+(Estimated)), and also permits another region that delimits
the mean points of each observation to be fixed (region between
K�(Estimated) and K+(estimated). If desired, a crisp estimation
can be obtained by defuzzification.

Such estimates were made for each of the years studied, all the
observations, every year, being delimited by the series S�(Esti-
mated) and S+(Estimated). The mean values of the parameters esti-
mated each year were then taken to provide an estimate of the
seven seasons as a whole. The results can be seen in the row ‘‘aver-
age’’ of Table 4.

4. Conclusions

The aim of the present work has been to analyse the relation be-
tween the colorimetric coordinate a and temperature in lemon
(variety Eureka) by fuzzy methodology. This relation is not func-
tional because it is altered by several variables, including humidity,
solar radiation, luminosity, wind, etc. For each data-recording ses-
sion, while the mean temperature is a certain fact, the measure-
ments of the coordinate a showed substantial variability despite
the fact that they were made with an instrument of great accuracy.

A regression analysis which studies the relation between the
average value of coordinate a and temperature is not sufficient
since it does not take into account the variability of the variable.
Moreover, the aim of this type of study cannot be to obtain one iso-
lated estimate but rather a range of possible values that reflects
reality.

The method used combines two elements: on the one hand a
possibilistic regression by means of trapezoidal fuzzy numbers,
the estimate of which will provide a range of values that a could
attain for a given mean temperature. The introduction of the term

Table 5
Values representative of region 3. To obtain column a maximum, the mean values
corresponding to region 3 were obtained for each campaign, the same being
applicable to the columns a minimum and a mean. The maximum value corresponds
to the maximum of column a maximum, the minimum of column a minimum and the
mean Max and min to the maximum and minimum of column a mean, respectively.

Season a maximum a minimum a mean

2003 �1.71 �3.27 �2,44
2005 �5.69 �7.76 �6,51
2006 – – –
2007 0.57 �2.62 �0,59
2008 1.20 �0.91 0,97
2009 1.09 �0.45 0,44
2010 5.61 �2.89 1,31

a maximum 5.61
a mean maximum 1.31
a mean minimum �6.51
a minimum �7.76

Fig. 9. Final fuzzy adjustment (season 2003/04). The series a maximum, a minimum and a mean indicate the maximum, minimum and mean values of coordinate a observed
on each of the sampling dates. In turn, the series S�(estimated) and S+(estimated) correspond to the minimum and maximum estimated for each temperature, and the series
K�(estimated) and K+(estimated)are the estimated series that include the mean values of each observation.

Table 6
Obtaining the membership function for each temperature according to expressions
(13)–(15) for each temperature.

Temperature Region 1 Region 2 Region 3
l1 l2 l3

3 0.00 0.00 1.00
5 0.00 0.16 0.84
7 0.00 0.78 0.22
9 0.00 1.00 0.00

11 0.00 1.00 0.00
13 0.34 0.66 0.00
15 0.79 0.21 0.00
17 1.00 0.00 0.00
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shift enables the amplitude of the dependent variable, a, to be trea-
ted suitably. That is, if in a given year, the amplitude of the color-
imetric coordinate a varies with respect to temperature, the use of
the term shift permits the result of the estimate to be fitted to the
evolution of the amplitude.

On the other hand, the use of rules of the type if. . .. . . then pro-
vides greater accuracy to the estimate because the degreening pro-
cess only occurs between given temperatures. Until these
temperatures fall below 11.5–16 �C, degreening cannot be consid-
ered to have begun and the temperature will not influence the
coordinate a. Once the degreening has begun, it will continue until
the temperature reaches 4.4–7.7 �C, a point at which it will be con-
sidered to have finished. The final value reached by the coordinate
will depend on, amongst other factors, the rate at which the tem-
peratures fall and the starting values. A combination of if. . . then
rules and the possibilistic regression improved the fitting of coor-
dinate a.

The final result shows the mean range that coordinate a can
take for each temperature and also the values between which the
mean value can vary. These results will be of great use if the data
are available, since it will be possible to predict for each cultivation
area, each with its own climate, the temperatures below which,
and the date from which, harvesting can be started - essential
knowledge for all growers.

This study will help us in future research lines to look further
into the possible existence of new variables that will permit a bet-
ter explanation of degreening in this and other varieties of lemon
such as Fino, Lisbon and Vera, not to mention other citrus species
such as orange, mandarin and grapefruit.
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