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Abstract: This paper presents the standardized precipitation evapotranspiration index (SPEI)-based
approach to agricultural drought monitoring (ADM-SPEI approach) combining well-known methods,
expert’ critical opinions, and local agro-climatic specificities. The proposed approach has been
described in detail in three phases. This allows its application in any region and modification
according to different agro-climatic conditions. The application of the ADM-SPEI approach has
resulted in obtaining a modified SPEI for different crops (agricultural drought SPEI (AD-SPElop)) in
the Vojvodina region. In the first phase of the proposed approach, analytical hierarchy process (AHP)
was used to obtain an experts’ group decision regarding the most suitable method for calculating
evapotranspiration for a particular analyzed region. In the second phase, SPEI was modified and
adjusted to the conditions in Vojvodina, where ETy was replaced by ET.. In the validation phase,
the results of the application of AD-SPEIop were compared to crop yields and well-known indices
and evaluated by the experts’ feedback. The statistically significant correlations were achieved
between AD-SPElop and crop yields. The highest correlations were achieved in the months when
the analyzed crops were in the developmental stages when they are most sensitive to drought.
The AD-SPEIop better correlates to the crop yields compared to SPEI The comparison of AD-SPEIop
to the standardized precipitation index (SPI), SPEI, and self-calibrated Palmer drought severity index
(SC-PDSI) shows that it can successfully detect dry and wet periods. The results have indicated that
the proposed approach can be successfully applied, and AD-SPElop has shown a good performance
for agricultural drought monitoring.

Keywords: drought; agriculture; crop; SPEI; AHP; drought index

1. Introduction

Drought is a normal feature of climate that occurs in different parts of the world [1] and it is
considered to be the most intricate and insufficiently understood natural hazard [2]. The character
of drought varies in different climates, and its impact depends on the local environmental and
socio-economic characteristics [3]. There is neither a universal definition of drought nor a unique index
or indicator that applies to all types of drought, climate regimes, or sectors [4]. Due to the complexity
of defining drought objectively, a great number of indicators and indices for monitoring drought
have been proposed in relevant literature [5]. Tian et al. [6] stress that because of the differences in
physical characteristics of the environment and crops responding differently to drought conditions,
the performance of drought indices varies regarding the application and specific region. Although
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a large number of indices has been introduced by numerous authors, many of them have limited
applicability, as it is rather difficult to both calculate and interpret them, and they do not provide
important local-specific drought information [7]. Yet, there is a possibility to further explore and
improve drought indices in order to get more appropriate information [8].

The proposed ADM-SPEI approach is based on the standardized precipitation evapotranspiration
index (SPEI) [9]. There has been an increase in the use of the SPEI index in climatology and hydrology
studies [10]. Besides the standardized precipitation index (SPI) [11], the SPEI is one of the most
commonly used drought indices in Europe [12]. The SPEI is based on the difference between
precipitation (P) and reference evapotranspiration (ET) accumulated in a certain period of time [13].
This difference between P and ET\, two crucial components in agricultural drought monitoring,
represents irrigation requirements in arid and semi-arid regions where precipitation is insufficient in
the growing season [14]. Liu et al. [15] state that the SPEI is an excellent tool for drought monitoring.
They cite Vicente-Serrano et al. [16], who compared the performance of the SPI, SPEI, and PDSI (Palmer
drought severity index [17]) indices in the context of global drought monitoring and concluded that for
monitoring hydrological and agricultural drought, the SPI and SPEI were better than the PDSI, while
the SPEI had a very good performance in monitoring summer drought. Bachmair et al. [18] analyzed
the applicability of various meteorological indicators for the assessment of agricultural and silvicultural
drought in Europe. Bachmair et al. [18] concluded that in southern and eastern Europe, the SPEI had a
better performance in comparison to other drought indicators. The analysis of the SPI, SPEI, PDSI,
Palmer Z [17], and self-calibrated PDSI (SC-PDSI [19]) indices in [20] shows the advantages of the SPEI
in drought monitoring resulting from its multiscalar character and effectiveness in identification and
classification of agricultural drought. Using the SPI and SPEI over different time scales, Bachmair et
al. [21] explored the relationship between meteorological drought indicators and impacts of agricultural
drought. The results of this study indicate that in climatically drier (water-limited) areas in Europe, there
is a high correlation between the SPI/SPEI and vegetation stress, whereas it is not the case in the wettest
parts (radiation limited regions). Based on the obtained results of the previous research [22] comparing
the SPI, STI (standardized temperature index [23]), and SPEI with average yields of some of the main
crops in the Vojvodina region, the authors suggest using the SPEI for monitoring agricultural drought.

For the calculation of the SPEI, [9] used the Thornthwaite (TH) [24] equation for estimating
ETy. A couple of years later, Begueria et al. [10] found significant differences when the SPEI was
calculated using different ET equations and emphasized that the differences were bigger in semi-arid
and mesic areas. Also, Begueria et al. [10] recommend using FAO-56 Penman-Monteith (PM) [25],
yet in the case of limited data availability, they suggest using the Hargreaves-Samani (HG) [26] method
and the TH equation as the last choice. Literature review shows that in addition to the originally
proposed TH method in the SPEI calculation, various other methods for the estimation of ETy within
the SPEI can be found in different papers (e.g., [10,14,27,28]). The introduction of ETy within the SPEI,
as Stagge et al. [28] highlight, requires rigorous testing in order to get a confirmation that the newly
developed index significantly differs from the well-known SPI and to determine the sensitivity to the
selected ETy method. Having also investigated the effects of the chosen ET( on the values of the SPEI,
the authors of [28] recommend the use of the HG and PM method with the Hargreaves radiation term
for the calculation of the SPEI. Based on the research over the Loess Plateau in China, Zhang et al. [29]
recommend using the two-source potential evapotranspiration model (25 PET) [30] as the first choice,
and the PM equation as the second choice for the calculation of the SPEI The research conducted in
China by Chen and Sun [31] shows that the SPEI based on the PM equation for calculating ETj has a
better performance than the SPEI based on the TH equation for drought monitoring. Potop et al. [32]
state that one of the SPEI advantages is the independence when selecting the method for calculating
ETy. They refer to the research by Potop and Mozny [27] as an example where the ABMAV model [33]
and the HG method were used to calculate ETy within the SPEI. Dragin¢ic et al. [34] compared the
values of the SPEI based on the HG and TH method for the estimation of ETj in the Vojvodina
region and concluded that the values of the SPEI calculated by both ETy methods generally provided
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similar results with significant differences in particular cases. This study further emphasizes that these
results stress the need for an adequate selection of ETy method when calculating the SPEI in order to
get more accurate results. Frank [35] reveals that in the Vojvodina region, the accuracy of the SPEI
largely depends on the selected ETy method, which results in unreliability of the SPEI values, since a
universally accepted method for calculating ET) does not exist [36]. Moorhead et al. [14] emphasize
the issue of using ET in the SPEI calculation when this index is applied to monitoring agricultural
drought. These authors state that as ET differs from ET, (potential crop evapotranspiration), ET, being
typically larger than zero in a non-growing season, ETy may not appropriately represent crop water
demands [14]. Also, they replaced ET with ET, in calculation of the SPEI for agricultural drought
monitoring in the Texas High Plains. Moorhead et al. [37] cite Moorhead [38], who demonstrated
that using ET, instead of ETj for the SPEI calculation is a better indicator of agricultural drought and
irrigation demands. Pei et al. [39] explain that SPEI does not consider the effects of various types
of vegetation cover on evapotranspiration. Pei et al. [39] replaced ET with ET. and proposed the
standardized precipitation crop evapotranspiration index (SPCEI) and they applied it in semi-arid area
of western Heilongjiang Province, China.

Among numerous methods for the estimation of ET(, the PM method is recommended by the Food
and Agriculture Organization of the United Nations (FAO) and The International Commission
for Irrigation and Drainage (ICID). PM is assumed to be the most reliable method because it
considers the main meteorological factors and it is based on physical principles [40]. However,
the PM method has high data demands, which often makes its calculation complicated in the case
when the meteorological data are unavailable, missing, or inaccurate [41]. When selecting the method
for calculating evapotranspiration the two goals that should be considered are accurate prediction
and simplicity [42], while the availability of quality input data and sensitivity of ET to the climate
factors prevailing in the study area should also be assessed [43]. Trajkovi¢ [44] states that the regionally
adjusted equations provide the best results and that each method can give good results in the conditions
for which it is designed. Xystrakis and Matzarakis [45] note that there is no golden rule for selecting an
adequate ET) method in various climate conditions.

The purpose of this paper is to present the new approach to agricultural drought monitoring
based on SPEI (ADM-SPEI approach), combining strengths of well-known and broadly accepted
methods with critical thinking of experts based on their knowledge and experience, and also taking
into account local specificities of agro-climatic conditions. By creating an approach to agricultural
drought monitoring based on the standardized precipitation evapotranspiration index (SPEI) [9] in
the Vojvodina region, the modified crop-related index has been obtained (agricultural drought SPEI
(AD-SPElIrop)), which reflects local agro-climatic conditions and is simple, precise, and practical to
use. The proposed ADM-SPEI approach is primarily described in general through three phases and
constitutive steps; it includes a description of the detailed methodological and mathematical basis,
which allows for its application in any other part of the world and modifications in accordance with
different agro-climatic conditions. This approach was applied in the Vojvodina region and analyzed
in detail.

In this paper, the first phase of the proposed approach is choosing the appropriate method for
calculating ETo/ET.. Bearing in mind the complexity of the decision problem, and in order to avoid
bias and approach the problem objectively, the well-known multicriteria analysis method analytical
hierarchy process (AHP) [46] in group decision making was used. Wide use of the AHP method in
individual and group decision making in the field of agriculture, water management, and related fields
can be seen in different approaches and applications that are based on this methodology.

The novelty of this paper is the approach for agricultural drought monitoring, which combines
standard statistical and mathematical procedures with experts” opinions and judgment on different
levels. This approach includes a detailed procedure for selecting the most adequate method for
assessing ET, taking into account the local agro-climatic conditions. It also presents a detailed
procedure for selecting an adequate theoretical distribution, which is the best fit to the empirical
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data of crop-specific climatic water balance in the calculation of the AD-SPElop index. In addition,
it integrates a comprehensive validation procedure. The validation and the performance assessment
of the AD-SPElop are based on experts’ feedback alongside the comparison of the index with crop
yields and globally accepted drought indices. Also, the approach presents the procedure for a direct
transformation of the AD-SPElop values into the values of crop-specific climatic water balance, which
enables the analysis of the performance of irrigation systems for drought mitigation.

This paper consists of the following sections: The introduction section offers a short overview of
relevant literature. Section 2 provides short descriptions of the study area and the data used in this
research. This section also presents the proposed ADM-SPEI approach with a brief description of the
used methods. In Section 3, the application of the proposed ADM-SPEI approach in the Vojvodina
region is shown along with explanations and discussions. It also demonstrates the performance of the
presented approach and the validation of the obtained results. The last Section 4 offers conclusions of
this research.

2. Materials and Methods

2.1. Study Area and Data

The study area is located in Republic of Serbia at the south-east part of the Carpathian (Pannonian)
Basin in Central Europe and covers the area of about 21,500 km?. The region extends between 44.6° N
and 46.2° N and 18.9° E and 21.5° E (Figure 1c). The relief of the area is mostly plain with an exception
of two hilly regions with elevations mostly below 600 m.a.s.1. Vojvodina is rich in watercourses. Some
of Europe’s large rivers flow through the area (the Danube, the Tisza (Tisa), the Sava), and there is dense
canal network of the Danube-Tisza-Danube hydro-system. The Vojvodina region is predominantly
agricultural with more than 17,500 km? of arable land or about 75% of the total area. Chernozem and
Phaeozem, deep and fertile soil types with good water retention characteristics, are prevalent in the
Vojvodina region. Due to its geographical position, Vojvodina lies in the temperate continental climate
zone [47], characterized by cold winters and warm and humid summers, large temperature ranges
during the year, and unequal temporal distribution of precipitation [48]. According to the Képpen
climate classification, the climatological formula for the Vojvodina region has the form “Cfwbx” [49].
The mean annual air temperature is 11.5 °C, 18.3 °C in a growing season, and 4.7 °C in a non-growing
season. Precipitation over the territory of Vojvodina region has uneven distribution in space and time.
The average annual precipitation is 615 mm, about 249 mm in the growing season, and 366 mm in the
non-growing season.

In order to calculate ETg and ET, and also drought indices (SC-PDSI, SPI, SPEI, AD-SPElop) in
this study, the monthly meteorological data from 1971 to 2016 are collected from 9 main meteorological
stations (Rimski Sancevi, Pali¢, Sombor, Becej, Kikinda, Zrenjanin, Vr$ac, Sremska Mitrovica, Belgrade)
of the Republic Hydrometeorologic Service of Serbia (RHSS). The data includes: Precipitation, air
temperature (minimum, maximum, and average), sunshine duration, wind speed, and relative humidity.
The local available water-holding capacity is derived from the digital soil map of Vojvodina [50].

Vojvodina is the most important agricultural region in Serbia where drought often significantly
affects crop yields. In this study, the following economically important agricultural crops were
analyzed: Maize—M, soybean—S, sugar beet—SB, winter wheat—W, alfalfa—A, potato—P, onion—O,
cabbage—C, hop—H, tobacco—T, beans—B. The annual series of average crop yields for the entire
territory of Vojvodina were provided by the Statistical Office of the Republic of Serbia. This study
uses the data collected during the period from 1971 to 2016 for all the analyzed crops with the
exception of the hop yield data limited to the 1971-2004 period. Also, the study uses yield data
at the county level for maize, winter wheat, sugar beet, alfalfa, potato, and beans, but only for the
period from 1996 to 2013 because of data availability. In addition to previous crops, the yield data
for soybean from the experimental fields of the Institute of Field and Vegetable Crops Novi Sad for
the period from 1977 to 2004 were also considered in the analysis. Potopova et al. [51] emphasize
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that improvement in agricultural technologies including higher rates and frequency of fertilizing, the
introduction of more productive crop varieties, enhanced weed control, and tillage practices lead to
upward trends in agricultural production. In order to analyze only climate impacts on crop yields, it
is important to eliminate trends in time series of yield. In this study, based on the previous research
presented in [22,51-53], detrended yields were obtained by using linear regression. The residuals of
these detrended yield values were further utilized in the analysis.

2.2. The Methodology of the Proposed SPEI-Based Approach to Monitoring Agricultural Drought (ADM-SPEI)

In this section, the SPEI-based approach to monitoring agricultural drought (ADM-SPEI approach)
is presented in a general way, which is to be adapted further and applied to a specific area of interest.
The aim was to define an approach and related AD-SPEIop index that is simple and convenient to use,
reflects the local agro-climatic conditions, and takes opinions of experts from the region of interest into
account. The proposed approach, which can be characterized as intuitive and comprehensive, follows
a logical flow and uses well-known and recognized methods in order to define the efficient approach
to agricultural drought monitoring. The general overview of the proposed approach to agricultural
drought monitoring based on the SPEI index is shown in Figure 1a.

General ADM-SPEI approach Application of the ADM-SPEI approach in Vojvodina region
Phase I Goal: = _
Decision making - selecting ET/ET to be used within the SPEI The most smtul{le f"Eth od for (,:ulculutmg the ET/ET. to
f 3 3 be used within the SPEI in the analyzed area
or particular region

Criteria:

Step I
Selection of alternatives

Step II
Defining the criteria

Step 11T
Obtaining individual experts' decisions

Step IV
Obtaining experts’ final group decision

SETE ]
?** fj}xg

Phase II
Calculation of the AD-SPEI

crop

Step I
Calculation of the ET

@ Meteorological
station

(c)

Step I1
Calculation of the crop-specific climatic water balance

Step I1I
Distribution fitting

,_,_,,_,,_,,_.,_,_,_,_
— D D D U

Step I
Step IV J Comparison of the AD-SPEIL,,, with the relevant data ]
Calculation of the AD-SPEI,,,,
[ Comparison of the AD-SPEI,,, with the average yields in Vojvodina ]
Step V - (Optional)
Assessment of the capability of the irrigation systems
based on AD-SPEL,,, I Comparison of the AD-SPEI,,,, with yields at the county level ]
[ Phase 111 V4 ] Swep Tl
WalidaHonlofitheipropose T VESERTApprodch I C ison of the AD-SPEI,,, with the other globally accepted indices ]
Step I
Comparison of the AD-SPEI,, with the relevant data Comparison of the AD-SPEI,,, and the SPEI respectively with crop yields
Step I
Comparison of the AD-SPEI,,,, with the other globally accepted indices Comparison of the AD-SPEL,,, with the SPI, SPEI and SC-PDSI
Step 111 [ Step IIT ]
Experts’ feedback on the results of the comparison Experts’ feedback on the results of the comparison

(a) (d)

Figure 1. General standardized precipitation evapotranspiration index-based approach to agricultural
drought monitoring (ADM-SPEI) approach (a) and the application of the ADM-SPEI approach in the
Vojvodina region: (b) hierarchy, (c) study area, and (d) the validation steps in the Vojvodina Region.
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2.2.1. Phase [—Decision Making on the Most Suitable Method for Calculating the ETy (or ET,) to Be
Used within the SPEI in the Analyzed Area

Step I: The selection of alternatives—suitable methods for calculating ETy (or ET,) within the SPEI
for the particular region.

This step presents the selection of the alternatives, the methods for the calculation of ET( (or ET)
suitable for using within the SPEI index in the particular region. Bearing in mind the complexity
of the decision-making problem, and in order to avoid bias and ensure objectivity, the well-known
multicriteria analysis method analytical hierarchy process (AHP) [46] is used in this proposed approach.
In accordance with the AHP methodology, the alternatives (the chosen methods for calculating ET or
ET,) are determined first. The most appropriate method for the specific agro-climatic conditions of the
observed area is going to be selected from these alternative methods in the following steps. It is going
to be further used within the SPEI index. The choice is based on the consultations with the experts
from the specific area and on the relevant literature in order to obtain results that reflect agro-climatic
conditions of the observed area as much as possible. When the proposed approach is applied to
a particular region, it is necessary to consult both experts who are familiar with the agro-climatic
conditions of the observed area and the relevant literature related to this particular area.

Step II: Defining the criteria relevant for the decision-making problem—the selection of the most
suitable method for the calculation of ETj, and ET, to be used within the SPEI in the study area.

Following the selection of the alternatives, this step includes defining the relevant criteria for the
decision-making problem—the selection of the most suitable method for the calculation of ET and
ET. to be used within the SPEI in the particular area of interest. These criteria may vary depending on
the area of application and the agro-climatic conditions where the proposed ADM-SPEI approach is
applied. For that reason, it is important to redefine the criteria for a specific area of interest.

Step III: Obtaining individual experts” decisions.

In order to get individual decisions, each expert is interviewed separately and the AHP is used in
order to get individual decisions. The AHP [46] considers the decomposition of the decision-making
problem into a hierarchy of different levels, where the goal is at the top, while the criteria and the
alternatives are at lower levels. At all levels of the hierarchy, pairwise comparison of the elements at one
level in relation to the element on a higher level of the hierarchy could be performed by using Saaty’s
relative-importance scale [46]. In this procedure, the decision maker provides linguistic pairwise
comparisons and related numerical expressions in order to quantify it. First, the criteria are compared
in relation to the goal of decision-making (selecting the most appropriate method for calculating ET,
or ET,). After that, the alternatives are compared in relation to each criterion separately. Numerical
judgments are placed in a specific comparison matrix: A:

air . . . M

A1 - - - Amm

where m is the number of rows or columns of the matrix A. For the elements of the matrix, the following
rules apply: i

a;=1,i€{l,...,m}; aij = a—ﬁ, i+ j, i,jE {1,...,m}. (2)

After that, the local priorities (local weights) of the hierarchy elements are calculated from

the related pairwise comparison matrices. This procedure is called prioritization, and numerous

prioritization methods can be found in the relevant literature (see [54-56]). Saaty [46] introduced

principal eigenvector (EV) of the matrix A as the desired priority vector w that can be obtained

by solving:
Aw = Aw, efw =1 3)
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where A is eigenvector of the matrix A and e is the unit vector [57].

When all the priority vectors are determined (priority vectors of the criteria and priority vectors
of the alternatives), synthesis can be performed. In the standard AHP procedure, partial vectors are
multiplied by the weighting coefficients of the corresponding criteria and the results are summed up at
the end. The final results are global weights of the alternatives in relation to the goal.

The AHP does not force one to be perfectly consistent when comparing the elements in the
decision matrix [58]. However, it is important to bear in mind that consistency must be checked,
because priorities make sense only when the comparison matrix is consistent or near consistent [59]. As
a consistency check, when EV method is used, Saaty [46] proposed CR (consistency ratio). CR values
that are less than 0.1 are considered adequate, which means that inconsistency of the decision makers’
judgments is at an acceptable level [46].

Step IV: Obtaining experts’ final group decision.

In the last step of the first phase, one group decision is obtained from experts’ individual decisions.
The first-ranked method obtained by the group of experts is considered to be the most suitable method
for calculating evapotranspiration within the SPEI index that will be used in the specific area of interest
and related to particular crops in order to monitor agricultural drought. In this proposed approach,
aggregation of individual decisions into a group one is carried out deploying aggregation of individual
priorities (AIP) [60,61] for which weighted arithmetic mean method (WAMM) [60] is used in this paper.
The final group priority for any alternative A; can be calculated using [60]:

Po(4j) = ) wiPi(4)) @
i=1

where Pg(A j) refers to group priority of the alternative Aj; Pi(A j) refers to the priority of A; given by
the expert Ei; w; is the weight to be attached to the preferences of the expert Ei; 1 is the number of
experts in the group. This method is chosen because it is simple and one of the most commonly used
mathematical procedures for aggregation of individual priority vectors into a group one. Although
different methods for assigning the weights to decision makers can be found in the literature, in the
present study, we used equal weights for all decision makers in order to simplify the procedure.
This ADM-SPEI approach does not exclude the possibility of using other aggregation procedures and
consensus models presented in the literature. The recommendation for using WAMM can be found in
numerous papers (e.g., [59,62]).

2.2.2. Phase II—The Calculation of the Modified SPEI Adjusted to the Area of Interest and Related to
the Crops

Step I: The calculation of the ET..

The calculation of the ET¢ follows the selection of the most adequate method for the specific
location (region of interest) based on the expert group decision. In the original SPEI [9], ET is used, while
in this ADM-SPEI approach, it is replaced by ET, for the purpose of better monitoring of agricultural
drought. Bearing in mind that ET, is the amount of water needed by the crops to grow optimally [63], it
is assumed that the use of ET, instead of ETj, can serve as a better indicator of agricultural drought, as
it is recommended in the previous research of other authors [37-39]. Further elaboration on this step
depends on the selected method for calculating ET. in the specific case of application.

Step II: The Calculation of the crop-specific climatic water balance.

In this step, the crop-specific climatic water balance (D) is calculated as a difference between
precipitation (P) and ETj, which is the same as in the original SPEL. However, in the ADM-SPEI
approach, ETy is replaced by ET.. The crop-specific water balance is calculated as:

D,’ = P,‘ - ETCZ‘ (5)

where i is the observed month to which D, P and ET. are related.
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The values of D; can be aggregated for certain periods of time, thereby taking into account
the accumulation of the water balance in that period. For the purpose of the agricultural drought
monitoring, it is considered that the adequate periods of aggregation (accumulation periods) are 1, 2,
and 3 months. The aggregated values of water balance can be calculated as:

k-1
Df =Y D (©)
j=0

where k is the period of aggregation (accumulation period), and i is the observed month.

Step III: The selection of the most adequate theoretical distribution.

In the next step of the procedure for the calculation of the AD-SPElp, the theoretical distribution,
which best fits to the empirical data of crop-specific climatic water balance, should be selected.
Goodness of fit test based on graphical or analytical methods [64] is used for the selection of the
most adequate distribution. In the proposed ADM-SPEI approach and according to [9,65-67], the
following goodness of fit tests are recommended: L-moment ratio diagrams, Anderson-Darling (A-D)
test, and Akaike Information Criterion (AIC). In the original formulation of the SPEI index, log-logistic
probability distribution is used. As the selection of the adequate distribution can greatly affect the
accuracy of the obtained results, it is necessary to re-examine which distribution best fits to the observed
empirical data of the crop-specific climatic water balance.

For determining the probability distribution of hydrologic data, Hosking [68] proposed the use of
L-moments. The L-moment diagram shows the visual comparison of the sample L-moment ratios and
theoretical L-moment ratio curves of the candidate distributions [69]. The details about the construction
of the L-moment ratio diagrams can be found in the literature [70].

The Anderson-Darling [71] goodness-of-fit test has been widely used since it was introduced [72].
The Anderson-Darling statistic is based on the comparison of the empirical distribution function of
sample data with the tested theoretical distribution, and it gives more weight to the tails of the tested
distribution [73]. Its application has demonstrated good performance in hydrological studies.

The Akaike’s information criterion (AIC) [74] is based on maximized likelihood indicating the
relative quality of the model and it includes an additional penalty proportional to the number of model
parameters [75]. The selection of a good model is based on the lowest AIC value. AIC is one of the
most popular methods for model selection.

Step IV: The calculation of the AD-SPEIyop.

Following is the estimation of the distribution parameters and the calculation of the cumulative
distribution function (CDF) of the crop-specific climatic water balance F(D) based on the distribution
selected in the previous step. According to the proposed ADM-SPEI approach, this step depends on
the chosen theoretical distribution for the particular data analyzed.

The final values of the AD-SPElop, are obtained in the same way as the values of the original
SPEI [9]. This means transforming the CDF of the climatic water balance (in this case, the crop-specific
climatic water balance) into the standard normal distribution, which is symmetrical, with a mean of 0
and a standard deviation of 1. As stated in [9], the transformation is based on the approximation of
Abramowitz and Stegun [76], with SPEI being replaced by AD-SPEIyop:

Co+ C1W + C,W2

AD — SPElypp = W —
ror 1+ dy W+ dyW2 + ds W3

@)

W= /-2In(P) forP < 0.5 )

where P is the probability of exceeding the crop-specific climatic water balance D, P =1 — F(D).If P > 0.5,
P is replaced by 1 — P, and the sign of the resultant value of the index is changing. The values of the
constants are: Cy = 2.515517; C; = 0.802853; C; = 0.010328; dq = 1.432788; d, = 0.189269, and d3 = 0.001308.

Negative values indicate deficit in the water balance, i.e., drought conditions, and positive values
indicate wet conditions. The obtained index is a standardized variable enabling spatial and temporal
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comparisons. The detailed description of this step will be presented in the application of the proposed
ADM-SPEI approach, where the AD-SPEIop will be calculated from real datasets.

Step V: (Optional) The assessment of the capability of the irrigation systems depending on the
degree of drought severity based on the AD-SPEIrop.

The irrigation requirements are obtained by calculating the crop water balance. As the AD-SPElop
is based on the crop water balance (the difference between precipitation and ET,), this index can also be
used for the estimation of the crop irrigation requirements. This index can be applied to simultaneous
monitoring of drought conditions and crop irrigation requirements, as well as showing the links
between drought conditions and irrigation needs of specific crops. The AD-SPElop can be used for
determining the required characteristics of irrigation systems in order to prevent negative effects of
drought, and for analyzing capabilities of existing irrigation systems to cope with drought. In other
words, the proposed AD-SPElop is useful to estimate whether the existing irrigation system could
successfully protect the specific crop from certain degrees of drought severity. The transformation of
the AD-SPElqp values into the values of the crop water balance is performed as follows. First, the
CDF of the standard normal distribution should be calculated using [77]:

X 2

X
e 2

V2n

F(x) dx 9

—00

where x represents the values of AD-SPElop. Then, the inverse value of the theoretical distribution is
calculated, thereby obtaining the values of crop climatic water balance. The irrigation hydromodule
can be determined using these values, since they represent the estimated crop irrigation requirements.
It is used for defining the required ability of the irrigation system to compensate for the water deficit.
Also, dimensioning of all the system elements is based on the irrigation hydromodule. It is expressed
as the required amount of water in a unit of time per hectare (I/s/ha or mm/day):

H(mm) _ H(mm) x 10,000
T(day) " 0//18) = G % () = 3600

g(mm/day) = (10)
where g is the irrigation hydromodule, H is the required amount of water, T is number of days, and 7 is
the duration of irrigation in a day.

2.2.3. Phase III—The Validation of the Proposed ADM-SPEI Approach

Step I: The comparison of the AD-SPElop with the relevant data for the purpose of validation.

The proposed ADM-SPEI approach also defines the validation phase in which the first step is
the comparison of the AD-SPElop with the relevant data. The aim of this step is to provide a clear
indication of the extent to which the index values reflect the drought conditions, thereby confirming
both the practical application of the index and the application of the proposed ADM-SPEI approach.

In order to validate the AD-SPEIqp, it is necessary to compare the index values with the relevant
data indicating the effects of different intensity drought occurrences in the observed area. When it
comes to the types of data to be compared, it is important to consider the fact that the data should be
relevant, good quality, and that sufficiently long data series are available for the statistical analysis.
Hao and Singh [78] state that for the validation of drought indices, temporal and spatial comparison
techniques are generally used with globally accepted indices such as the SPI or the PDSI, as well as
comparisons with recorded drought events and feedback from experts.

After obtaining the AD-SPEl,, index that is adapted for a specific area of interest and related to
a specific crop, it is necessary to compare index values with the available relevant data, such as: Crop
yields, crop irrigation requirements, historical recorded droughts, etc. Likewise, experts’ feedback
could be used for the purpose of index validation. Bearing in mind that different types of data are
available in different areas and that all the databases might not be available in all the cases, this step is
flexible in terms of selecting relevant data for the comparison with the modified index.
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Step II: The comparison of the AD-SPElLop with the other globally accepted indices.

This step suggests that the obtained values of the AD-SPElop should be compared with the
values of other indices that have previously been successfully used in the area under consideration,
and whose application has been confirmed. The aim of this comparison is to see the similarities and
differences in the detection of drought events and drought intensities, and thus to validate the modified
index and confirm its performance in the detection of drought events. The literature suggests using
spatial and temporal comparisons with the widely known and globally accepted indices, such as PDS]I,
SPI, SPEI, etc. The comparison can be made visually by using appropriate diagrams, graphs, and maps,
or by using appropriate mathematical and statistical methods. In this step, different mathematical and
statistical methods for index comparison can be used.

Step III: Experts’ feedback on the results of the comparison.

In addition to mathematical and statistical tests, experts’ feedback based on their knowledge
and experience in the observed area is also of great importance. Given that the proposed ADM-SPEI
approach refers to agricultural drought, it is recommended that experts with different agricultural
expertise be included in this phase of validation in order to critically evaluate the results of the
comparisons (previous two steps). The aim of this step is viewing at the results of the comparison from
multiple perspectives and by experts who are familiar with the local conditions. Therefore, feedback is
needed from the experts in the field of plant production (crop and vegetable production), irrigation of
agricultural crops, and experts in the field of drought management in agriculture. Feedback regarding
the final assessment of the performance of the modified index obtained within the application of the
proposed ADM-SPEI approach to agricultural drought monitoring is significant, since it includes
experts’ opinions in addition to mathematical and statistical tests.

3. Results

This section presents the application of the proposed ADM-SPEI approach to agricultural drought
monitoring in the Vojvodina region. The detailed description is given through the three phases and
the corresponding steps (Figure 1). Monthly data sets from 1971 to 2016 from nine meteorological
stations were used, 11 agricultural crops were taken into the account, and indices for three periods of
accumulation (one, two, and three months) were calculated.

3.1. Phase I—Decision Making on the Most Suitable Method for Calculating the ET, (or ET.) to Be Used
within the SPEI in the Analyzed Area

3.1.1. Step I: The Selection of Alternatives—Suitable Methods for Calculating ETj (or ET,) within
the SPEI

Based on the experts’ recommendation, among the numerous methods, five were selected that
have been often used in scientific research and practical applications in the Vojvodina region. The five
following methods that have been selected as alternatives are: FAO-56 PM (PM), Turc (TU) [79],
Thornthwaite (TH), bioclimatic method (BM) based on hydrophytothermic indices, and Hargreaves
(HG). The most suitable one for use within SPEI index on this particular region was going to be chosen
among these methods. More information about the selected methods can be found in numerous
relevant literature. If the proposed ADM-SPEI approach is applied in some other region, it is necessary
to reselect the suitable methods by consulting relevant literature and local experts.

3.1.2. Step II: Defining the Criteria Relevant for the Decision-Making Problem—the Selection of the
Most Suitable Method for the Calculation of ETj, and ET, to Be Used within the SPEI in the Study Area

Following the selection of the alternatives, this step includes defining the relevant criteria (C)
for the decision-making problem—the selection of the most suitable method for the calculation of
evapotranspiration to be used within the SPEI in the study area. The following five criteria have been
defined by taking into account the relevant literature and experts’ opinions. They are considered to be
significant for the particular decision-making problem in the Vojvodina region.
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Availability of Reliable Input Data (AD)

The methods for the calculation of evapotranspiration are based on various parameters and,
therefore, require different input data. Many meteorological stations worldwide measure a limited
number of meteorological data. Their public availability is often limited. Furthermore, the quality
of the measured data is frequently disputable. Hence, it is important that the meteorological data be
reliable. This criterion is an important prerequisite for the accuracy of the final results obtained within
the application of this method.

Literature-Based Suggestions (LS)

Literature offers numerous methods for the estimation of evapotranspiration based on different
principles. Likewise, a lot of analysis and research conducted in diverse climatic conditions examine
the possibilities of the application of these methods. Authors” approaches to recommended methods
for the particular regions vary. Being familiar with relevant literature and research about the particular
region can have a huge impact on the appropriate selection of the most suitable method for the
calculation of evapotranspiration.

Ease of Calculation (EC)/the Simplicity of Method

A wide range of methods for the calculation of evapotranspiration vary from empirical to combined
ones. In addition to the methods that are easy to use for the calculation, there is a large number of those
that demand complex calculations. Oftentimes, the methods that enable simple and fast calculations
are preferred. The complexity of the method does not guarantee its quality.

Common Practice (CP)

Many authors recommend comparing the results obtained using different methods with the results
calculated by some of the sophisticated methods in the investigated area, such as lysimeters. Since the
aforementioned research are demanding and expensive, this type of data is often not available in many
locations. For that reason, it is presumed that years-long application of the method for the calculation
of evapotranspiration and experts’ practical experience have ensured the selection of the most suitable
method for the agroclimatic conditions of the particular region. For the abovementioned reasons, the
common practice or positive experience in local specific conditions was taken into consideration as an
appropriate criterion.

The Relevance of the Input Parameters for the Local Climatic Conditions (RP)

Evapotranspiration is conditioned by numerous climatic parameters. However, on the particular
location, certain parameters can have a more dominant impact than the others. Therefore, it is important
to know climatic conditions in the region of interest in order to select the adequate method for the
calculation of evapotranspiration. The method that contains the most relevant climatic parameters
of the particular region that affect the intensity of evapotranspiration probably produces the most
reliable results.

3.1.3. Step III—Obtaining the Experts’ Individual Decisions

In defining this approach, in addition to the specificity of the agro-climatic conditions, the opinions
of experts of various expertise in the field of agriculture and water management were also taken into
account. Nine decision makers (DM) from the Vojvodina region participated in this research with
the goal to select the most suitable method for the calculation of evapotranspiration within the SPEI
in this particular region. Experts are from the Faculty of Agriculture—The University of Novi Sad,
The Institute of Field and Vegetable Crops, Public Water Management Company Vode Vojvodine, as
well as experts in the design and management of irrigation systems employed in the leading agricultural
companies in this region. The hierarchy of the decision-making problem is graphically presented in
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Figure 1b. Each decision maker (expert) individually made a pairwise comparison of the criteria in
relation to the goal (the selection of the most suitable method for calculating ETj (or ET,) within the
SPEI index) in the AHP decision matrices. Also, each decision maker compared the alternatives in
relation to each criterion separately and their judgments were placed in the AHP decision matrices.
An example of decision matrices for one decision maker is presented in Figure 2. For each expert
separately, a total number of six matrices were obtained (one for the comparison of the criteria with
respect to the goal and five for the comparison of the alternatives with respect to each criterion).

(©) AD LS EC CP RP (AD) PM TU TH BM HG
AD 4 8 6 3 PM 1/3 1/8 1/9 1/5
LS 2 2 1/2 y 1/6 1/8 1/4
EC 1/3 1/6 sl 1/2 4
cP 1/3 BM 4
RP HG
(a) (b)
(LS) PM TU TH BM HG (EC) PM TU TH BM HG
PM 4 1/5 1/5 1/4 PM 1/4 1/7 1/9 1/4
1 1/8 1/8 1/6 TU 1/5 1/7 1/2
TH 1 3 TH 1/3 4
BM 3 BM 5
HG HG
(c) (d)

(CP) PM TU TH BM HG (RP) PM TU TH BM HG
PM 4 1/7 1/8 1/6 PM 2 4 4 3
1y 1/8 1/9 1/6 mn 2 2 2
TH 1/2 3 1H 1 1/2
BM 4 BM 1/2
HG HG

(e) ()

Figure 2. An example of decision matrices for one decision maker. (a) criteria (C), (b) availability of
reliable input data (AD), (c) literature-based suggestions (LS), (d) ease of calculation (EC)/the simplicity
of method, (e) common practice (CP), (f) the relevance of the input parameters for the local climatic
conditions (RP).

Then, following the AHP procedure, the final priority vector of each expert separately was
obtained. The final priority vectors for each of nine decision makers are presented in the Table 1.
The consistency check was performed for each expert. If it was determined that inconsistent judgments
appeared, the procedure was repeated. At the end, for each expert, the calculated CR values were less
than 0.10. Based on that, it was concluded that the inconsistency of decision makers’ judgments was at
an acceptable level.

Table 1. Individual and group decisions.

Decision Makers Individual Decisions
(Experts) PM TU TH BM HG
DM1 0.134 0.092 0.270 0.356 0.148
DM2 0.103 0.073 0.290 0.429 0.105
DM3 0.131 0.164 0.288 0.250 0.167
DM4 0.130 0.075 0.211 0.382 0.202
DM5 0.075 0.094 0.242 0.494 0.096
DM6 0.182 0.063 0.211 0.359 0.185
DM7 0.074 0.062 0.409 0.386 0.069
DMS8 0.169 0.082 0.210 0.354 0.185
DM9 0.082 0.106 0.327 0.337 0.147

Group Decision 0.120 0.090 0.273 0.372 0.145
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3.1.4. Step IV—Obtaining Experts” Final Group Decision

In this step, from individual decisions of the experts, one final group decision (rank of alternatives)
was obtained using AIP [60,61] and WAMM [60]. In the calculations, it has been assigned equal weight
for all the nine experts. The obtained group decision is shown in the Table 1 where the following
rank of methods could be seen: The first ranked is Bioclimatic method (BM), then Thornthwaite (TH),
Hargreaves (HG), FAO-56 PM (PM), and the last-ranked Turc (TU). The BM based on hydrophytothermic
indices, as the first-ranked method obtained by the experts” group decision, is taken as the most suitable
method for calculating evapotranspiration within the SPEI index for the Vojvodina region.

3.2. Phase II—The Calculation of the Modified SPEI Adjusted to the Area of Interest and Related to the Crops

3.2.1. Step I—The Calculation of the ET,

In this step, the ET( is calculated. The following crops are analyzed: Maize, soybean, sugar beet,
alfalfa, potato, onion, cabbage, beans, hop, tobacco, and winter wheat. The selection of crops is based
on their sensitivity to drought and availability of yield related data in statistical publications.

The following is a brief description of the bioclimatic method, since it is not well known
and widely used, whereas in the Vojvodina region and surrounding areas, it is frequently applied.
The bioclimatic method has been developed, studied in detail, and its accuracy and reliability have
been experimentally verified in various studies of the irrigation regime based on soil moisture in
the agro-ecological conditions in the Vojvodina region [80]. The method is described in literature.
(e.g., [81-87]). The bioclimatic method in the Vojvodina region was developed by [88] and it is
based on the correlation between crop evapotranspiration and physical factors of evapotranspiration
(temperature, humidity, solar radiation, vapor pressure, etc.). If the mean daily air temperature is
used for the calculation of the ET¢, the bioclimatic coefficient is called hydrophytothermic index
(K). The hydrophytothermic index represents the amount of water (mm) consumed through the
evapotranspiration for every degree of the mean daily air temperature. Based on experimental field
research implying perennial investigations and evaluations in irrigation practice, numerous authors
have determined hydrophytothermic indices for various fields, vegetable, and fruit crops. When the
hydrophytothermic indices are determined for the particular crop in the analyzed area, they have a
high practical value, and by using them, the ET, can be calculated quickly and easily [80]. The ET, can
be calculated on a monthly basis by multiplying the corresponding hydrophytothermic index by the
sum of the mean daily air temperature in the month observed:

n
ETc = KxZTi 11)
i=1

where # is the number of days in a month and T is the mean daily air temperature in the observed
month. The values of the hydrophytothermic indices used for the calculation of the ETc presented in
the Table 2 have been collected from literature [80,86,89,90]. The hydrophytothermic indices for beans
were not found in literature. However, based on the experts’” advice, the hydrophytothermic indices
for green beans were adopted as valid for beans as well. For winter wheat, the hydrophytothermic
indices were obtained by the conversion of the FAO crop coefficients [25], which were experimentally
determined in the Vojvodina region by [91]. Determining the hydrophytothermic indices for the
particular area enables the use of the bioclimatic method in any other region since the area of their
application is specific for the region for which they have been experimentally verified.
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Table 2. The hydrophytothermic indices (K).

: f £ § sz oz £ o 5 § 32
Month 5 & £ 3 § § = 2 £ £ 2
= F < 2 = & 8 ° £ z
Mar. 0.22
Apr. 0.17 012  0.19 0.24
May. 011 015 025 011 019 015 019 013 0.26
Jun. 018 020 025 017 019 022 018 019 020 021
Jul. 018 021 025 018 019 024 020 021 019 021
Aug. 018 020 022 017 019 020 018 019 0.19
Sep. 011 012 015 011 0.19 0.20 0.14

3.2.2. Step II—The Calculation of the Crop-Specific Climatic Water Balance

In the previous step, the ETc was calculated using the bioclimatic method. Then, the crop-specific
water balance was calculated using the procedure described in the Section 2.2.

3.2.3. Step III—The Selection of the Most Adequate Theoretical Distribution

The most suitable distribution functions for modeling time series of water balance calculated
for different accumulation periods (time scales) were tested in this study. The selection of the most
suitable distribution functions was performed using the L-moment ratio diagrams, since these diagrams
enable comparing empirical distributions with a number of theoretical distributions as it was shown
in [9,68,70]. The L-moment ratio diagrams were constructed for the time series of water balance for
the accumulation periods of one, two, and three months while using the data from 9 meteorological
stations in Vojvodina, and for 11 agricultural crops. The number of the points representing the empirical
frequency distribution of the crop water balance time series shown in the diagrams depends on
the duration of the crop growing season and on the period of accumulation. The diagrams indicate
that the empirical series of the crop water balance can be modeled with several different theoretical
distributions (generalized extreme value—GEYV, generalized logistic—GLO, Pearson type III—P3, and
normal—N) because empirical statistics oscillate around the curves related to the mentioned theoretical
distributions. Therefore, the selected distributions to be potentially used within the calculation of the
AD-SPElop are: GEV, GLO, P3, and N. Stagge et al. [65] also considered these four distributions for
the calculation of the SPEI. As an illustration, the L-moment ratio diagrams for the time series of water
balance of maize for the accumulation periods of one, two, and three months are shown in Figure 3.

L-hur
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= e R + v G P= g - v G S T Nesaliiisses + v G
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Figure 3. The L-moment ratio diagrams for the time series of water balance of maize for the accumulation
periods of (a) one, (b) two, and (c) three months.

The selected distributions are further tested using the Anderson-Darling (A-D) test according to
the significance level of « = 5%. The distributions were fit to empirical data by maximum likelihood
estimation using the “fitdistrplus” R package [92]. Critical values for the A-D test were calculated by
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Monte Carlo bootstrap simulations using “nsRFA” R package [93]. Also, the distributions were ranked
using Akaike information criterion (AIC), and all the comparisons were made taking into account the
accumulation periods, location, and agricultural crops.

The results of goodness of fit tests indicate that the GEV distribution, in most cases, fits best to
the empirical data of climatic water balance. The selection of the GEV distribution as the preferred
one when calculating the AD-SPElqp is in accordance with the results in [65] concluding that the
GEV distribution is recommended for the use in calculating the SPEI in Europe. This differs from
the research by [9] as well as [39], who recommended the use of the log-logistic distribution in the
calculation of the SPEI and the SPCEI, respectively. The A-D tests produced rejection frequency of the
GEV distribution (when goodness of fit indicates that distribution cannot be accepted) in the range
from 0 to 6.7% for all of the three accumulation periods and for all crops with the exception of tobacco
for a two-month accumulation period when it is 8.3%, and for beans for the accumulation period of
two months (Table 3). The next one is the P3 distribution with rejection frequency between 0 and
13.3%, GLO with rejection frequency in the range from 0 to 13.9%, and finally the N distribution with
rejection frequency between 3.7% and 57.8%. In most cases, rejection frequency of the GEV distribution
produced by the A-D tests was below 5%. Rejection frequency of all the four distributions by the A-D
tests for beans for a two-month accumulation period was 22.2%.

Table 3. Anderson-Darling (A-D) rejection frequency (%).

1 Month 2 Months 3 Months
N GLO P3 GEV N GLO P3 GEV N GLO P3 GEV

Maize 57.8 44 8.9 2.2 25.0 5.6 5.6 5.6 11.1 3.7 3.7 3.7
Soya 57.8 44 11.1 22 25.0 5.6 5.6 5.6 11.1 3.7 3.7 3.7
Sug. beet  57.8 6.7 11.1 22 194 5.6 8.3 5.6 11.1 3.7 3.7 3.7
Alfalfa 42.6 3.7 9.3 3.7 17.8 6.7 8.9 6.7 8.3 2.8 2.8 2.8
Potato 53.3 8.9 8.9 0.0 194 8.3 11.1 5.6 22.2 3.7 7.4 3.7
Hop 51.1 8.9 8.9 6.7 30.6 5.6 8.3 2.8 7.4 0.0 3.7 3.7
Beans 50.0 5.6 11.1 5.6 22.2 22.2 22.2 22.2 - - - -
W.Wheat  20.0 6.7 8.9 6.7 8.3 8.3 5.6 5.6 7.4 222 18.5 11.1
Tobacco 51.1 0.0 13.3 0.0 194 11.1 11.1 8.3 11.1 3.7 3.7 3.7
Onion 51.1 6.7 13.3 6.7 22.2 13.9 11.1 5.6 3.7 3.7 3.7 3.7
Cabbage  48.1 7.4 74 0.0 22.2 5.6 5.6 5.6 22.2 0.0 0.0 0.0

Crop

The selected distributions were further compared by AIC. Except for the normal distribution, all
the other three considered distributions have the same numbers of parameters (three); therefore, the
AIC is reduced to a measure of log likelihood as in [65]. The best ranked distribution based on the log
likelihood for the accumulation period of one month and for all crops is the P3, and then the GEV,
GLO, and N, respectively (Table 4). For longer accumulation periods (two and three months), the best
ranked distribution is the GEV, and then the GLO, P3, and N, respectively.

Table 4. Relative distribution ranking by log likelihood.

1 Month 2 Months 3 Months

Crop
GLO P3 GLO P3
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Taking into account all the performed tests, confirming the best agreement with the empirical
data series of crop-specific climatic water balance, the use of the GEV theoretical distribution can be
recommended for the calculation of the AD-SPEIop in the Vojvodina region.

3.2.4. Step IV—The Calculation of the AD-SPElop

In the previous section, it was determined that the values of the crop-specific water balance (D) in
the Vojvodina region followed the three-parameter GEV distribution. The CDF of the GEV distribution

is [69]: ”
F(D) = exp{—[l - M] } (12)

24

where &, @, and k are the location, scale, and shape parameters, respectively, estimated from the series
of D values using L-moments. The details about their calculation can be found in [69].

After calculating the F(D), the AD-SPEIop is obtained by transforming the CDF into the standard
normal distribution described in Section 2.2. In the following text, some of the ways of a possible
presentation of the obtained AD-SPEIop values are shown. Considering that the aim of this paper is
not the analysis of drought in the Vojvodina region, but the demonstration of the proposed ADM-SPEI
approach, while bearing in mind a large amount of analyzed data and the scope of the obtained
results, several representative examples have been shown for the purpose of illustration. In Figure 4,
values of the AD-SPElp, for the two-month accumulation period (AD-SPEI2qp) are shown for the
meteorological station Rimski Sangevi from 1971 to 2016. It can be observed that the extreme drought
events (AD-SPEI2op < —2) occurred in 1992, 2003, 2012, and 2015. The extreme wet conditions
(AD-SPEI2¢rop > 2) occurred in 1987, 1996, and 2001.

The spatial and temporal distribution of moisture conditions in Vojvodina from the perspective of
agricultural crops is shown in more detail and illustrated in the maps (Figures 5-9) for the part of the
vegetation season in 2003. The map legend used is adopted from the [94] (Table 5).

Table 5. The map legend of moisture conditions [94].

Color Categories Index Values Color Categories Index Values
Exceptional drought <2.326 Slightly increased moisture +0.524 to +0.935
Extreme drought -1.645 to —2.326 Moderately increased moisture +0.935 to +1.282
Severe drought -1.282 to -1.645 Considerably increased moisture  +1.282 to +1.645
Moderate drought -0.935 to -1.282 Extreme wet +1.645 to +2.326
Minor drought -0.524 to -0.935 Exceptionally wet >2.326

Near normal +0.524 to -0.524

Each color refers to the corresponding category of moisture conditions.
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Figure 4. The AD-SPEI2yop for the Rimski Sanéevi from 1971 to 2016; or “Evolution of the AD-SPEI2¢r0p
at the Rimski Sancevi between 1971 and 2016.

The maps (Figure 5) of the SPEIl, et mostly show minor drought in March and April of 2003,
and extreme and exceptional drought in May and June.

a) b) C) d)
-
v 3

Figure 5. AD-SPEIl et in (a) March, (b) April, (c) May, and (d) June 2003.

The maps (Figures 6-9) show drought conditions according to the AD-SPEI1op for maize, sugar
beet, alfalfa, and onion. Generally, with local differences and variations depending on the crops,
extreme drought began to appear in May 2003 in parts of eastern and central Vojvodina, and extreme
drought spread to almost entire territory in June. Due to increased amount of precipitation in July,
most of the territory was under normal moisture conditions, while the northeastern and southern parts
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were under wet and moderately humid conditions. In August, most of the territory was under severe
and moderate drought, and extreme drought occurred in the southeast of Vojvodina.

295 5%

Figure 6. The AD-SPEI1 ,,. in (a) May, (b) June, (c) July, and (d) August 2003

AL

Figure 7. The AD-SPEIlg;gar beet in (a) May, (b) June, (c) July, and (d) August 2003.

A%5"%

Figure 8. The AD-SPEI1, )5, in (a) May, (b) June, (c) July, and (d) August 2003.

A%8%N

Figure 9. The AD-SPEI1 0, in (a) May, (b) June, (c) July, and (d) August 2003.

In addition to diagrams and maps, the AD-SPElp, values are also visually presented using heat
maps where the index categories are presented by colors (legend in Table 5), thus enabling easier visual
detection of changes and differences in index values in time and related to crops. Due to the high
volume of results, in Figure 10, heat maps are illustrated only for one meteorological station (Vrsac) for
1992, 1993, 2004, 2004, 2011, and 2012. In the heat map, the AD-SPEIlcmp indices for all the analyzed
crops are shown.
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Figure 10. Heat map of the AD-SPEI1op calculated at the meteorological stations Vrsac for (a) 1992
and 1993, (b) 2003 and 2004, and (c) 2011 and 2012.

It can be noticed that the AD-SPEIlop values by months at the observed locations mostly fall into
the same drought category, but in certain cases, there are differences in drought categories depending
on the crops. Although the index values for different crops are generally similar, the values of the
crop-specific climate water balance, on which the index is based, are different. The crop-specific climate
water balance is a very important parameter because it indicates the crops irrigation requirements,
enables the planning of the irrigation regime, and is a required element in the design of hydromelioration
systems. Therefore, it would be useful that the AD-SPEIop be presented in parallel with the water
balance values. This would allow for a more detailed insight into the link between drought and the
crop irrigation requirements.

3.2.5. Step V—(Optional) The Assessment of the Capability of the Irrigation Systems Depending on the
Degree of Drought Severity Based on the AD-SPEIop

In the previous steps, it was determined that the GEV distribution fits best to the empirical data of
the crop-specific climatic water balance in the Vojvodina region. The values of the AD-SPEIop have
been obtained by transforming the CDF of the GEV distribution into the standard normal distribution
(see Section 2.2). In order to transform the index values back into the corresponding values of the
crop-specific climatic water balance, it is first necessary to calculate the CDF of the standard normal
distribution, and then to calculate the inverse value of the GEV distribution as [95]:

D(F) = &+ %{1 ~ (-InF)t} (13)

where D(F) is the inverse value of the GEV distribution and it represents the value of the crop-specific
climatic water balance, F is the probability of the occurrence of the water balance according to the GEV
distribution, and &, a, and k are the parameters of the location, scale, and shape.

The usual values of water balance—those that normally occur in a particular location for
the observed crop—can be significantly different in a location with different climatic conditions.
For example, the value of the climatic water balance of maize with the probability of occurrence of 50%
in June in Rimski Sancevi is —27 mm, and the same value in Kikinda is —42 mm. Also, for instance,
the value of the climatic water balance of alfalfa with the probability of occurrence of 50% in June in
Rimski Sanéevi is —68 mm, and the same value in Kikinda is ~84 mm. Although these water balance
values differ significantly, drought intensities are the same (index values are 0, which, according to
categorization, indicates normal conditions) because all these phenomena have the same probability
of occurrence, and differences in water balance values are caused by different climatic conditions in
these locations, as well as by the differences between crops. In comparison to other indices, such
as the original SPEI or SPI, the advantage of the AD-SPEl, is that the index value can be directly
transformed back into the value of the crop-specific climatic water balance, which is of practical
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importance in the field of agricultural water management. To illustrate this, the spatial and temporal
distribution of the values of climatic water balance of maize and alfalfa from June to August 2012 in
the Vojvodina region are shown in Figures 11 and 12.
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Figure 11. Climatic water balance of maize in (a) June, (b) July, and (c) August 2012.
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Figure 12. Climatic water balance of alfalfa in (a) June, (b) July, and (c) August 2012.
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The maps (Figure 13) show the differences in values of the climatic water balance illustrated both
in spatial terms and by crop (maize and alfalfa) if the values of the AD-SPEIop were the same on
the entire territory. Hypothetically, when the value of the AD-SPEI1,ize is —2 in June on the entire
territory of Vojvodina, the values of the maize climatic water balances range from —95 mm to —115 mm.
Likewise, the value of the AD-SPEI1,jf,1¢, of —2 in June on the entire territory of Vojvodina would entail
the alfalfa climatic water balances ranging from —141 mm to —165 mm.
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Figure 13. The values of the climatic water balance of (a) maize and (b) alfalfa when the value of the
AD-SPEI1¢rop is —2 in June on the entire territory of Vojvodina.

The following is an example of the use of the AD-SPElop in the analysis of the capabilities
of irrigation systems to protect crops from drought. Based on the values of the crop-specific water
balance, the irrigation hydromodule can be determined (Equation (10)), which is necessary for the
dimensioning of the irrigation system elements. Irrigation systems are designed according to the
crops water requirements in critical months, and in the Vojvodina region, these are July and August.
In contemporary irrigation systems, the maximum effective working hours are approximately 22 h a
day. In the Vojvodina region, the usual values of irrigation hydromodules are around 0.5-0.6 L/s/ha [90].
Assuming that the irrigation system is designed based on the value of the hydromodule of 0.6 L/s/ha,
and that the effective irrigation time is 22 h a day, the monthly amount of water that the system
can deliver is 147 mm (derived from Equation (10)). This value represents the gross amount of
water. However, it is necessary to account for the efficiency of the irrigation system, which for the
contemporary sprinkler irrigation systems (center pivots and linears), is about 90%. If the system
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efficiency of 90% is used, the net monthly amount of water is 133 mm. This value corresponds to the
monthly water deficit in the crop water balance for which the system can compensate and for which
the AD-SPElyqp can be determined with respect to each crop in a given area. For example, the value of
the monthly water balance deficit of 133 mm in August corresponds to the value of the AD-SPEI1¢r0p
for maize in Rimski Sancevi of —1.77 (extreme drought). In July, the same value of water balance deficit
(133 mm) for the same crop and for the same location, the index value is —2.41 (exceptional drought).
These results show that irrigation systems could protect maize from extreme drought in August and
from exceptional drought in July in the observed location. The maps (Figure 14) show the drought
categories in August representing the limits of the capability of the irrigation systems designed using
the hydromodule of 0.6 1/s/ha to successfully protect agricultural crops.

* :
a) b) c) 77 d) e)

Figure 14. The drought categories in August representing the limits of the capability of irrigation

systems designed using the hydromodule of 0.6 1/s/ha to successfully protect the following crops:
(a) Soybeans; (b) maize and hops; (c) potato, onion, and tobacco; (d) sugar beet and cabbage; (e) alfalfa.

3.3. Phase III—The Validation of the Proposed ADM-SPEI Approach

3.3.1. Step [—The Comparison of the AD-SPEl,p with Relevant Parameters

In order to avoid bias and objectively review the proposed ADM-SPEI approach, a validation
analysis was performed from several different perspectives (Figure 1d). In this paper, within the
validation of the proposed approach in the Vojvodina region, it was determined that the selection of
the relevant parameters for the comparison was based on the availability of quality data in the area of
interest. Therefore, publicly available important crop yields data in Vojvodina that can be found in
statistical yearbooks and similar publications were selected.

After obtaining the AD-SPElLp values, a comparison was made with available crop yields data.
First, a comparison of the AD-SPElop with the average yields in Vojvodina was made, and then a
comparison with the average yields at the municipal level in Vojvodina was made in order to obtain
more detailed results on the local level. The comparison of the indices with the crop yields can be
found in the studies of numerous other authors (e.g., [6,51,96-98]).

The Comparison of the AD-SPElop with the Average Yields in Vojvodina

The correlation between the AD-SPElop and the yields of the analyzed crops was estimated based
on Pearson’s correlation coefficient r at significance levels of « = 0.05 and o« = 0.10. The aggregated index
values (average values) and average crop yields for the region were used according to the [51-53,97,98].
The values of Pearson’s correlation coefficient between the AD-SPEIop and the detrended yields of
the analyzed crops are presented in the Table 6.

The results have shown that there is a statistically significant correlation between the AD-SPElop
and the yields of the observed crops in Vojvodina. The highest correlations were achieved in the
months when the analyzed crops are in the developmental stages, during which water demands are
high and when they are most sensitive to drought.
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Table 6. Coefficients of the correlation r between the AD-SPElrop and detrended yields of maize,
soybean, sugar beet, alfalfa, potato, onion, cabbage, beans, tobacco, and winter wheat in Vojvodina
from 1971 to 2016, and Hop from 1971 to 2004.

El g
[} % il (] @«

AD-SPEIop L § = = :-'; g & § :g '§ g

= = 58 = & o) ;: @ 5 2

Accumulation Month & a 9] E =

Period =

I - - - - - - - - - 0.27 -

v - - - - - 0.05 - - 0.49 0.14 -
\Y% 0.42 0.48 0.51 0.44 0.31 0.45 - - 0.29 0.45 0.46
1 VI 036 036 034 045 031 0.31 - 045 035 037 016
viI 039 055 022 | 029 001 -0.04 -002 016 —0.03 - 0.49
VIII 0.49 0.63 0.46 0.45 0.35 0.24 0.32 - 0.36 - 0.57
X -0.10 002 -0.01 -0.03 -0.12 - -0.08 - - - -0.10

v - - - - - - - - - 0.29 -

v - - - - - 0.38 - - 0.49 0.42 -
9 VI 051 055 054 055 037 048 - - 040 051 0.40
VII 0.51 0.65 0.39 0.47 0.20 0.18 - 0.40 0.24 - 0.49
VIII 0.54 0.74 0.43 0.45 0.22 0.13 0.18 - 0.20 - 0.67
IX 030 047 031 030 0.16 - 0.16 - - - 0.34

v - - - - - - - - - 0.49 -

VI - - - - - 0.43 - - 049 049 -
3 VII 062 075 056 058 030 036 - - 0.34 - 0.60
VIII 0.57 0.74 0.48 0.53 0.30 0.21 - - 0.31 - 0.60
X 0.43 0.67 0.37 0.38 0.12 - 0.12 - - - 0.55

Significance levels: «=0.05 «=0.10

Yellow refers to significant at the 0.10 level, green refers to significant at the 0.05 level.

The Comparison of the AD-SPElrop with Yields at the County Level

The correlation of the AD-SPEIop with the detrended crop yields has also been analyzed at the
local-county level. Nine counties were taken into consideration where meteorological stations of the
Republic Hydrometeorological Service of Serbia are located, from which the data for calculating the
AD-SPElrop have been collected. The average annual yields were collected at the county level for the
following crops: Maize, sugar beets, alfalfa, potatoes, beans, and winter wheat. The yield data for
soybean from the experimental fields of the Institute of Field and Vegetable Crops (IFVC) Novi Sad
were also considered in the analysis. The correlations between the AD-SPElop and the crop yields
were estimated using the Pearson’s coefficient of the correlation r at significance levels of « = 0.05 and
o = 0.10. The correlations are presented in Figures 15-21. They show the months and accumulation
periods when the degrees of the correlation between the index and the detrended crop yields by county
are highest. The obtained results indicate that these indices can be successfully used for monitoring
agricultural drought and for monitoring the impact of drought on crop yields in the Vojvodina region.

1 1 month 2 months 3 months
g
0.8 [ ]
1 [ J
S e s o 1 1.
o O s [ | 3 ¢ s
g o.. .0 Ll 8 . 0. 8.0 PSP
S 04 @ -8R e-le------- *- ------
c [ ] . L] ®
§ o020 .
o [ 3
2, H
[ [ ]
S s . werr a=0.05
. 02 ° - -0=0.10
—~

-04
v VI v vl IX VI VI VIl IX VI VI X

Month

Figure 15. The correlation between the AD-SPEIL o, and detrended yields of maize by county, 1996-2013.
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The correlation between the AD-SPEly, and detrended yields of W. wheat by

The correlation between the AD-SPELyop and detrended yields of sugar beet by

Figure 18. The correlation between the AD-SPELop and detrended yields of alfalfa by county, 1996-2013.
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Figure 19. The correlation between the AD-SPEIyop and detrended yields of potato by county, 1996-2013.
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Figure 20. The correlation between the AD-SPElcrop and detrended yields of soybean from the Institute
of Field and Vegetable Crops (IFVC) Novi Sad, 1977-2004.
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Figure 21. The correlation between the AD-SPElop and detrended yields of beans by county, 1996-2013.

3.3.2. Step II—The Comparison of the AD-SPElop with the Other Globally Accepted Indices

The Comparison of the AD-SPEIlop and the SPEI Respectively with Crop Yields

In order to gain a better insight into the performance of the AD-SPElqp as a reliable indicator
of agricultural drought, a comparison of this index with the original SPEI index has been made.
The correlation between the AD-SPEIop and the detrended crop yields has been compared to the
correlation between the original SPEI and the detrended crop yields. The rejection frequencies—when
the correlations are not statistically significant at the significance level & = 0.05—have been calculated.
By this criterion, an index with lower rejection frequency can be characterized as more reliable.
The results are shown in Table 7. Based on the obtained results, it can be concluded that the
AD-SPElop has a better performance as a drought indicator because the AD-SPElop has lower
rejection frequencies of the correlation coefficient r than the original SPEL

Table 7. Pearson correlation rejection frequencies for the AD-SPEl.op, and the SPEI for all
accumulation periods.

Rejection Frequency (%)

Maize Sugar Beet Alfalfa Winter Wheat Potato Beans
AD-SPEl¢rop 7.8 17.2 259 40.7 40.2 33.3
SPEI 10.9 234 29.6 55.5 41.7 38.9

The Comparison of the AD-SPElrop with the SPI, SPEI, and SC-PDSI

For the purpose of the validation of the AD-SPEIop, the comparison with the globally accepted
indices (SPI, SPEI, SC-PDSI) has been made. The comparison was based on Pearson’s correlation
coefficient r and on the mean absolute difference (MAD). Similar comparisons can be found in the
literature (e.g., [10,99,100]). The comparison has been made with regard to the particular crop, and
r and the MADs have been grouped according to the AD-SPElop values calculated for the nine
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meteorological stations in the region. The correlation has been calculated between the AD-SPElop
and the SPI, SPEI, and SC-PDSI indices, respectively. The MADs have been calculated only between
the AD-SPElqp and the SPT and SPEI, since these indices use the same scale and their values are in the
same ranges. The periods of accumulation of the AD-SPElop from one to three months have been
taken into the consideration. The diagrams (Figures 22-25) show that the values of the correlation
coefficient r between the AD-SPElp, and the SPEI and SPI indices, respectively, for all the three
accumulation periods are high, generally over 0.8, and the values of the MADs generally range from

0.2to0 0.5.
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Figure 22. The correlation between the (a) AD-SPEIl¢rop and SPI1, between the (b) AD-SPEI2¢op and
SP12, and between the (c) AD-SPEI31op and SPI3.
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Figure 23. The mean absolute difference (MAD) between the (a) AD-SPEIl¢qp and SPI1, between the
(b) AD-SPEI2op and SPI2, and between the (c) AD-SPEI3¢rop and SPI3.

These results indicate that the AD-SPEIop registers drought/wet conditions in approximately
the same periods as the SPEI and the SPI indices, but that the categories of drought/wet conditions

may vary.
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Figure 24. The correlation between the (a) AD-SPEI1op and SPEI1, between the (b) AD-SPEI2op and
SPEI2, and between the (c) AD-SPEI3crop and SPEI3.
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Figure 25. The MAD between the (a) AD-SPEll¢rop and SPEIL, between the (b) AD-SPEI2op and
SPEI2, and between the (c) AD-SPEI3op and SPEI3.

The diagrams (Figure 26) show the values of the correlation coefficient r between the AD-SPEIop
for the accumulation periods from one to three months and the SC-PDSI index. The r values between
the AD-SPEIop for all the crops and the SC-PDSI index are mostly in the range from 0.28 to 0.48 for
the one-month time scale, from 0.41 to 0.68 for the two-month scale, and from 0.46 to 0.75 for the
three-month scale. The results show that the level of agreement increases with the increase in the
AD-SPElop accumulation period. This might be due to the SC-PDSI being calculated for a fixed time
interval which is usually no less than 12 months. The longer period of time for which the SC-PDSI is
calculated is probably the reason for a lower degree of agreement with the AD-SPEIop.
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Figure 26. The correlation between the (a) AD-SPEIl¢op and self-calibrated Palmer drought severity
index (SC-PDSI), between the (b) AD-SPEI2¢op and SC-PDSI, and between the (c) AD-SPEI3crop
and SC-PDSIL.

The results of the comparison between the AD-SPEIop and the globally accepted and well-known
indices (SPI, SPEI, SC-PDSI) indicate that, like these indices, the AD-SPElqp can successfully detect
dry and wet periods. Given that it is based on the crop-specific water balance, the index values more
adequately characterize agricultural drought.

3.3.3. Step IlI—Experts’ Feedback on the Results of the Comparison

In addition to statistical tests within the validation of the approach, feedback from experts based on
their knowledge and experience is also very important. For that purpose, in this step of the validation
phase, bearing in mind that the results are compared to the crop yields and the globally accepted and
well-known drought indices, experts of different agricultural expertise have been selected. It was
presumed that the feedback from local experts in the field of plant production (crop and vegetable
production) and irrigation of agricultural crops, as well as those in the field of drought management in
agriculture, would be valuable for the final assessment of the performance of the AD-SPEl¢qp obtained
within the proposed approach to agricultural drought monitoring. Depending on their expertise, each
expert has individually inspected the results of the comparison in the validation phase and confirmed
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the consistency of the AD-SPElrop with the compared drought indices. In other words, they have
confirmed the performance of the AD-SPEIp for agricultural drought monitoring.

4. Conclusions

This paper presents the approach to agricultural drought monitoring based on the SPEI (ADM-SPEI)
that combines well-known methods and experts’ critical opinions ensured by their knowledge and
experience, while taking into account the local agro-climatic specificities. The widely used and accepted
SPEI has been related to the particular crops by replacing ET with ET,, thereby enabling the analyses
of the drought conditions for each crop separately. The proposed ADM-SPEI approach was described
in three phases and the constitutive steps. The detailed description of the methodological basis
allows for its application in any other region. It can be adapted to different agro-climatic conditions
and applied in the particular area of interest. The ADM-SPEI approach has been applied in the
Vojvodina region and analyzed in detail. The application of this approach has resulted in obtaining
the modified SPEI for different crops (AD-SPEl0p) in the Vojvodina region. The AD-SPEIop index
reflects the local agro-climatic conditions, and it is simple and convenient to use. In order to validate
the proposed ADM-SPEI approach and the obtained AD-SPEl.op, the following analysis was carried
out: The correlation between the AD-SPELop and the yields of the 11 significant crops in the region
(both at the local-county level and at the level of the entire Vojvodina region); the comparison of
the AD-SPElop and the SPEI, respectively, with the crop yields in order to test and compare their
performances; and finally, the comparison of the AD-SPEIop to the well-known and globally accepted
drought indices (SPI, SPEI, and SC-PDSI).

According to the obtained results, there is a significant link between the occurrence of drought
detected by the AD-SPElp and the observed crop yields. Also, in comparison to the original SPEI
index, a higher degree of agreement was reached between the AD-SPElop and the yields of the
observed crops. The comparison of the AD-SPEIlop with the well-known drought indices (SPI, SPEI,
and SC-PDSI) has shown that, like the previously mentioned indices, the AD-SPEIop index can
successfully detect dry and wet periods. Since it is based on the water balance of agricultural crops, the
index is more adequate for the characterization of agricultural drought. In addition to the statistical
and calculation procedures, the proposed approach to agricultural drought monitoring includes
experts’ feedback on the performance of the AD-SPEIop based on their knowledge and experience
in the specific area. Taking into account the results in the validation phase, it can be concluded that
the proposed approach to the monitoring of agricultural drought based on the SPEI index can be
successfully applied. The results have also indicated that the AD-SPEI.op obtained by its application
has shown a good performance in agricultural drought monitoring. In order to illustrate the flexibility
of the proposed ADM-SPEI approach, some of the possible ways of presenting and interpreting the
obtained results of the application of the AD-SPEIop are shown in this paper.

In contrast to the original SPEI index, the proposed approach allows a direct transformation of the
AD-SPEICrop back into the values of the crop specific climatic water balance. The index, thus, reflects
the crop water requirements. Therefore, it can be used in water resources planning and management
in agriculture. The examination of drought from that perspective allows for analyzing the capability of
the irrigation systems to protect crops from drought events. Practical applications of the AD-SPElop
can include determining the required properties of irrigation systems in order to prevent negative
effects of drought. Likewise, it could be applied to the analysis of the capabilities of existing irrigation
systems to cope with drought. It means that the proposed AD-SPElop can be used to estimate whether
the existing irrigation system could successfully protect the particular crop from certain degrees of
drought severity.

The information that can be obtained using the proposed ADM-SPEI approach based on local
specific agro-climatic data and experts’ assessment can be valuable for decision makers at the national
and regional levels, experts in various fields, agricultural producers, different agricultural and
commercial companies, insurance companies, etc. Also, a practical advantage of this approach is
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reflected in the fact that its results can be useful in the field of agricultural water management and
planning of drought mitigation and adaptation strategies.
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