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Abstract: A two-year experiment was conducted with a local maize hybrid under full (F) and deficit
(D) drip irrigation and rainfed conditions (R) to estimate maize evapotranspiration in Bosnia and
Herzegovina (BiH). Three approaches, namely, A&P, SIMDualKc (SD), and vegetation index (VI), to
estimate the actual crop coefficient (K¢ act), the actual basal crop coefficient (K, oct), and the actual
crop evapotranspiration (ET. act), were applied with the dual crop coefficient method and remote
sensing (RS) data for the first time. While K, 5. from all approaches matched FAO56 tabulated
values, SD showed differences in comparison to A&P of up to 0.24 in D and R conditions, especially
in the initial and mid-season stages. VI demonstrated very good performance in all treatments. In F,
the obtained K 4t for all approaches during the initial and end stages were higher than the tabulated
values, ranging from 0.71 to 0.87 for the K¢ inj act and from 0.80 to 1.06 for the K. ¢ng act, While the mid-
season period showed very good agreement with the literature. The maize crop evapotranspiration
range is 769-813 mm, 480-752 mm, and 332-618 mm for F, D, and R, respectively. The results
confirmed the suitability of both approaches (SD and VI) to estimate maize crop evapotranspiration
under F, with the VI approach demonstrating an advantage in calculating K, act, Ke act, and ETe act
values under water stress conditions. The higher observed yields (67.6%) under irrigation conditions
emphasize the need to transition from rainfed to irrigation-dependent agriculture in BiH, even for
drought-resistant crops like maize.

Keywords: maize evapotranspiration; dual-K. approach; crop coefficient; satellite data; irrigation;
Sentinel-2

1. Introduction

Climate change impacts agriculture in Bosnia-Herzegovina (BiH), both in a positive
and a negative way [1]. Longer growing seasons benefit multicropping, while high air
temperatures and prolonged water shortages threaten spring and summer crops [2,3].
There is an increased variability of weather conditions observed in all seasons, with rapid
changes occurring over short periods from extremely cold to warm weather or from periods
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of extremely high rainfall to extremely dry periods [3]. Climate change analyses of the
RCP8.5 scenario for BiH indicate significant climate shifts. These include an increase
in annual temperatures by 5 °C and a decrease in annual precipitation of up to 30%,
particularly during the summer months (June, July, and August) by the end of the 21st
century. Furthermore, a decrease in the number of days with snowfall is anticipated [4].
These changes can have a serious impact on the problems of drought and water deficit [5].
In terms of agricultural production, the greatest risks are droughts, followed by spring
frosts, autumn frosts, hail, and floods [6]. In BiH, the most vulnerable regions to climate
change are primarily situated in the north, with vulnerability gradually decreasing towards
the central, southern, and eastern parts of the country [7,8].

Agriculture is based on small-scale, subsistence-oriented production, usually with
a low level of agricultural technology implementation, such as irrigation systems or the
application of smart agriculture solutions [9]. Such cropping systems are highly sensitive
to climate change, as they heavily rely on weather conditions [8]. Although agriculture
is an important economic sector in BiH [10], the water management sector in agriculture
is often neglected, both in terms of research and implementation activities funded by the
government [11]. According to the BiH Statistical Institutes, from 2000 to 2020 [12], the
most cultivated crop was maize for grain, yet with low productivity [13]. The cultivation of
maize and winter cereals, crops that possess a certain resilience to climate change, has led
to a low level of adoption of precision irrigation technologies. However, climate change
and ratified agreements such as the Sofia Declaration on Green Agenda for the Western
Balkans [14] will soon change this situation.

Various crop biophysical parameters (leaf area index—LAl, fraction of ground cover—
f., canopy cover—CC) are directly related to crop coefficients, and they can be used to
predict single (K.) or basal crop coefficients (K,) for various vegetable, field, and fruit
crops [15]. The density coefficient (K4) was developed to facilitate this calculation from
parameters such as f; and crop height (h), or LAI [16]. This method of determining crop
coefficients in the literature is recognized as the A&P approach [15-17] and has been
validated by comparing it with the values of K4, and K. obtained from field measurements
for different crops [17,18].

Remote sensing has become a very popular technique for monitoring agricultural
farms because of its ability to acquire synoptic information at temporal and spatial scales [19,
20]. Remote sensing imagery has been emerging as a robust approach to monitoring actual
crop physiological development and evapotranspiration (ET) [21,22]. Because of the rela-
tionship between crop vegetative growth and crop coefficient (K,), it is increasingly being
used for computing crop water requirements [23,24]. There is a close correlation between
several vegetation indices (VI) and different biophysical characteristics of the plants (e.g.,
LAL f., biomass, and processes, depending on light absorption by the canopy, including
ET) [25-28]. Spectral images obtained through Earth observation can be transformed into
K maps using vegetation indices (VI). This approach is based on a determined relation-
ship between VIs and canopy cover biophysical variables such as LAI [29,30]. Through
the integration of these maps with stress coefficient (K;) and evaporation coefficient (Ke)
values computed using the soil water balance (SWB) model, it becomes feasible to generate
actual basal crop coefficients (K, 5ct) OF actual crop coefficients (K¢ act). This approach is
referred to as the vegetation indices and SWB combination method, as outlined by Pécas
and Calera [18].

Normalized difference vegetation index (NDVI) and soil-adjusted vegetation index
(SAVI) are the most commonly used VI for the estimation of actual basal crop coefficient
(Kgp) and K. The formulation of both VI combines the reflected light in the red and near-
infrared (NIR) bands, thus providing an indirect measure of the absorption of red light
by chlorophylls and the reflectance of NIR by the mesophyll structure in leaves [25,31].
Choudhury and Ahmed [30] suggest that using SAVI instead of NDVI allows extending
the range over which the VI responds to the increase in vegetation amount/density beyond
a LAI value of around 3, which is related to NDVI saturation problems for high LAI values.
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In addition, the NDVI is considered more sensitive than SAVI to soil background reflectance
changes due to the moisture of the soil surface [32].

The most widely used method for calculating crop evapotranspiration (ET.) involves
multiplying the reference evapotranspiration (ET,) by a K., commonly known as the
FAO56 approach [33]. Depending on data availability and the required accuracy, K. can
be determined as a single crop coefficient, considering differences in evapotranspiration
between field crops and the reference grass surface. Otherwise, it can be calculated as a
dual coefficient based on two factors: a Ky, representing plant transpiration and a soil
evaporation coefficient (K¢) [33,34]. The standard values for these coefficients for various
crops have been extensively documented by numerous researchers [35,36], including for
maize [36-39]. The FAO56 approach also considers non-standard or non-optimal conditions,
accounting for deviations in management and environmental factors. These non-optimal
conditions, when referring to water stress, are incorporated into the stress coefficient (Ks).

Most of the research related to specific crop growth and crop irrigation requirements
considers the single crop coefficient approach and tabulated values of K. via specific soft-
ware models such as CROPWAT [40], SPAW [41], AquaCrop [42], and ISAREG [43]. In
BiH, the dual crop coefficient (dual-K.) approach has had limited application. Recently,
the use of other models has been improved, with the AquaCrop model [44] seeing greater
utilization. Through the implementation of activities within the SMARTWATER project [45],
Crljenkovic [46] presented the capabilities of three models, including the application of the
dual-K. approach for the first time (AquaCrop, CROPWAT, and SIMDualKc). SIMDualKc
is a soil water balance model that uses a dual-K. approach for the calculation of daily
evapotranspiration at the field level. Therefore, the model provides estimates of evapo-
transpiration and, consequently, SWB, especially in crops covering partially the soil, that
is, row crops [47]. The possibility of using locally calibrated software models and other
techniques to calculate crop coefficients (Kg, or K¢), ET,, or irrigation water requirements
(IWR) is becoming relevant [18] due to the continuous need for updates and the potentially
extensive time and expenses associated with direct field measurements of biophysical
parameters [48]. Using the VI approach, the estimated K. or K, may represent the actual
crop coefficient (K¢ act) or basal crop coefficient (K, ot) when accounting for variations in
plant development due to non-optimal conditions, such as frost or high temperatures, as
well as obtaining spatial variation within fields [34]. In addition, VI allows for the spatial
variation of the K¢ act or K¢ 5t Within fields and provides information for field-to-field
differences in planting dates, plant spacing, and cultivars [35]. When applying the VI
approach to calculate the K¢ act or Ko, oct, adjustment is required for stress conditions. Since
it is not feasible to achieve this directly through the VI approach, a daily SWB for the plant
root zone is commonly performed to determine the water stress coefficient (Ks).

As mentioned above, agriculture in BiH is highly sensitive to climate change, especially
in the water sector, highlighting the critical need for the implementation of sustainable water
management approaches. However, an additional challenge arises from the insufficient
level of research and innovation in this sector, as recently stated by [11]. Agricultural
producers frequently overlook the actual crop water requirements, instead relying on
subjective judgments to determine when to irrigate. Data related to agriculture, including
crop type, field management, irrigation practices, and crop water requirements, are often
either unmeasured, unavailable, or estimated through certain approximations. Within the
agricultural water management sector, research in BiH commonly relies on straightforward
methodologies, such as using monthly water balances and evapotranspiration calculation
methods, which typically require a limited set of input parameters. Furthermore, the
evaluation of crop water requirements and irrigation requirements often involves the
application of a single crop coefficient (K.) or FAO56 tabulated values for continental or
Mediterranean conditions. In BiH, there has been no research conducted so far that has
explored the application of the dual crop coefficient (dual-K.) or remote sensing (RS) for
determining crop evapotranspiration, crop water requirements, and irrigation needs.
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The present study aims to establish a foundation for future applications of the dual-Kc
approach using the SIMDualKc model and RS methodologies for irrigation management of
maize, the most significant crop in the region of the Balkans. The research evaluates three
distinct procedures to estimate actual crop coefficient (K act), actual basal crop coefficient
(Kep act), and actual crop evapotranspiration (ETcact) using the approaches of (i) Allen
& Pereira, (ii) SIMDualKc, and (iii) vegetation indices under different water availability
conditions (full (F) and deficit (D) drip-irrigation, and rainfed agriculture (R)). Combining
the dual-K. and RS methodologies is an innovative approach for monitoring ET. under
specific pedo-climatic conditions in Bosnia and Herzegovina (BiH). Given the pressure that
climate change has on BiH agriculture and the advancement of remote sensing procedures,
it is important to provide practical methodologies at the regional and farm level to optimize
irrigation scheduling precision and cope with future climate uncertainties.

2. Materials and Methods
2.1. Study Location and Its Pedo-Climatic Characteristics

This research was conducted at the experimental field of the University of Sarajevo,
the Faculty of Agriculture and Food Science (43°49'34” N, 18°19'20" E), which is in Butmir
(Figure 1) near Sarajevo, at about 512 m a.s.1. According to Képpen climate classification [49],
the climate in this region is Cfb x”s (temperate warm and humid climates), with a long-term
average air temperature of 9.9 °C and an annual average precipitation of 940 mm [50].

g

Poligon Roljopriviediiog
i3 Saralevo

(a) (b)

Figure 1. Study location, Butmir experimental field (a), with the location of full (F), deficit (D), and
rainfed (R) irrigation treatments (b).

The area of Butmir is characterized by the fluvial soil type [51,52] or Fluvisol with
a clay loamy texture (clay content of up to 43.3%) and a depth of up to 1.20 m, based on
the World Reference Base for Soil Resources [53]. The soil has four layers, where the first
two layers have a clay loam texture. The total available water (TAW) of the soil is 182 mm
(Table 1). Regarding chemical characteristics, the soil at Butmir has a slightly acidic pH
reaction in HyO (6.13-6.35). It has an average humus content in the surface layer (2.3%), but
the content of humus decreases drastically with depth, and in the fourth layer, it amounts
to only 0.6%. The content of easily accessible phosphorus is low, especially in the thin
second layer (0.30-0.40 m). The content of easily accessible potassium is medium.
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Table 1. Basic physical and water-related characteristics of the soil profile at the Butmir experimental

location.
. . Soil Layer Sand Silt Clay Bulk FC PWP
Location Lsamir Tesx(’:tlllre Thickness 2-0.02 0.02-0.002 <0.002 Density Vol Vol (THI?I‘I'X
4 (m) (%) (%) (%) (g/em?) (%) (%)

I clay loam 0.0-0.30 374 29.1 33.5 1.30 43.73 19.98 71.23
B . 1I clay loam 0.30-0.40 36.0 31.6 32.4 1.63 43.60 20.41 23.19
utmir I clay 0.40-0.60 31.1 25.6 433 146 4460 2807  33.05
v clay loam 0.60-1.20 42.8 19.2 38.0 1.46 39.75 30.66 54.53

Note: FC is the soil water content at field capacity; PWP is the soil water content at permanent wilting point; and
TAW is the total available water.

Weather data were collected at an agrometeorological station placed at the Butmir
experimental site, near the experimental field. The climatic characterization of the study
location for the crop seasons (2021-2022) and the long-term (30 years) averages for the ref-
erence period (1991-2020) are presented in the Results and Discussion section (Section 3.1).
The long-term period was provided by the Federal Hydrometeorological Institute of Sara-
jevo (FHMZ).

2.2. Experimental Design and On-Field Measurements

A domestic hybrid BL-43 of maize (Zea mays L.) was grown at nine plots (20 m x 20 m,
summing up 400 m? per plot) under three water regimes (full irrigation (F), deficit irrigation
(D), and rainfed (R)). Full irrigation treatment applied 100% of the crop water requirements
based on crop evapotranspiration (ET.). The deficit irrigation applied 50% of the water in
relation to the full irrigation. For water supply, a drip irrigation system was used.

During the experiments, the irrigation water requirements (IWR) were calculated
based on the soil water balance (SWB) MS Excel-based irrigation tool EXCEL_IRR 1.0 [52,54],
which applies the standard FAO56 single crop coefficient approach [33]. Tabulated values
of crop coefficient were applied for the initial season, mid-season, and end-season as
Keini =0.3, Kemig = 1.2, and K¢ eng = 0.35, respectively. The irrigation norm was set at
30 mm via a drip irrigation system with one lateral line per row of plants and emitter
spacing of 0.2 m. The minimum rainfall amount to be considered in effective rainfall
estimation was 2 mm. The efficiency of irrigation was 95%, and the number of days to stop
irrigation before harvesting was 25. For the water balance calculation and estimation of
soil water depletion, a maximum root depth of 1.0 m was used.

The depletion fraction threshold (p) for no-stress (full irrigation treatment—F) was
fixed to 0.55 (Allen et al., 1998) of total available water (TAW). The deficit irrigation
treatment was irrigated on the same dates as the full irrigation treatment, but with 50% of
the water amount applied in the F treatment [52].

Irrigation amounts applied for F and D treatments and rainfall (P) are illustrated in
Figure 2 for 2021 and 2022.

In 2021, irrigation was applied 12 times on the following DAS: 17, 45, 61, 70, 80, 84, 87,
91, 98, 101, 107, and 123. The total water applied was 360 mm and 180 mm for the F and D
treatments, respectively. In 2022, there were 11 irrigation events on the following DAS: 11,
15,24, 51, 69, 74,79, 84, 89, 93, and 112. The water applied for the F treatment was 330 mm,
and for the D treatment, it was 50% of that amount, or 165 mm.
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Figure 2. Irrigation for full (F) and deficit (D) treatments and amount of rainfall (P) in 2021 (a) and
2022 (b).

The daily climate data for the two years of the experiment were collected using the iME-
TOS agrometeorological station located within the Butmir experimental station. Reference
evapotranspiration (ET,) was calculated by using the Hargreaves—Samani equation [55,56]
with locally calibrated and validated kR; values. The following equation was used:

ET, = 0.0135 kR5 0.408R; (Tyeqn + 17.8) TD®S 1)

where ET, is the reference evapotranspiration (mm day 1), R, is the extraterrestrial radia-
tion (MJ m 2 day’l), kRs—empirical coefficient (0.14), TD is the temperature difference
between the maximum (Tmax) and minimum (Tpn) air temperature (°C), and Tiean is the
mean daily air temperature at 2 m height (°C).

Hargreaves [57] recommended using kRs = 0.162 for “interior” regions and kR = 0.19
for “coastal” regions, while Allen et al. (1998) and many authors suggested the use of
local kR; [58,59]. Based on this, kRs = 0.14 was used, as that value was recommended by
Cadro and Uzunovi¢ [56] for the local conditions of central BiH [50]. The Hargreaves and
Samani [55] equation was selected because only Tmax, Tmin, and wind speed (up) daily
data were available continuously during 2021 and 2022, but not radiation and humidity
data. To analyze and compare climate conditions in 2021 and 2022 with average conditions,
daily climate data for the period 1991-2020 was collected from the nearest weather station
(Bjelave, Sarajevo). These data refer to the maximum and minimum air temperatures (Tmax
and Thin, °C) and the sum of rainfall (P, mm); these data were provided by the Federal
Hydrometeorological Institute of Sarajevo (FHMZ). The data from this weather station
could not be used during the experiment because it was not available every day but only at
the end of each year.

The rainfed treatment was non-irrigated, and plants received water only from precipi-
tation. Each treatment had three replicates.

Plant spacing was 0.2 m x 0.7 m, and maize was grown in the south-north direction,
following the path of the Sentinel-2 satellite’s’ orbit and adjusting plots to fit into 10 m
x 10 m pixels—grid points. In this way, it was ensured that each plot had four grid cell
values, which amounts to 12 values per treatment, per sensing date (4 grid cell x 3 plots
per treatment) (Figure 3).
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Figure 3. Irrigation treatments: full (F), deficit (D), and rainfed (R) for both crop cycles 2021 (a) and
2022 (b).

The experiment was set up following the procedure already applied for maize in
Colovic and Yuand [60] and Piscitelli and Colovicand [61].

Maize sowing, emergence, and harvesting days for both years are shown in Table 2.
The sowing and harvesting dates were the same for all three treatments.

Table 2. Dates and the number of days after sowing (DAS) for maize growing stages for full irrigation
(F), deficit irrigation (D), and rainfed (R) water treatments.

2021 2022
Date (DAS)
D R F D R
Sowing 07.05 05.05
Emergence 17.05 (10) 17.05 (10) 17.05 (10) 17.05 (12) 17.05 (12) 17.05 (12)
Beg. of tasseling 15.07 (69) 15.07 (69) 15.07 (69) 18.07 (74) 18.07 (74) 18.07 (74)
Full silk 29.07 (83) 29.07 (83) 15.07 (69) 25.07 (81) 25.07 (81) 25.07 (81)
Milk maturity 03.09 (119) 03.09 (119) 23.08 (108) 22.08 (109) 22.08 (109) 15.08 (102)
Wax maturity 13.09 (129) 13.09 (129) 27.08 (112) 05.09 (123) 05.09 (123) 22.08 (110)
Full maturity 10.10 (156) 10.10 (156) 30.09 (146) 15.10 (163) 15.10 (163) 05.10 (153)
Harvesting 23.10 (169) 22.10 (170)

The growing stages and length of the vegetation period were the same for both full (F)
and deficit (D) treatments. Full maturity was achieved 156 and 163 days after sowing (DAS)
for 2021 and 2022, respectively. The rainfed (R) treatment had a shorter vegetation period
in both years, reaching full maturity at 146 and 153 DAS in 2021 and 2022, respectively.

Soil fertility inputs were based on the chemical analyses of the soil were the same in
all treatments. The length of growing stages, plant height during the mid-season (h), leaf
area index (LAI), and grain yield were measured during both growing seasons. The mean
plant height during the mid-season and LAI were measured each seven days. The average
values of these parameters, per plot and treatment, were calculated based on five plants
per plot, 15 plants per repetition, or 45 plants in total per treatment. For 2021, h was 2.69 m
for the F treatment, 2.55 m for the D treatment, and 1.82 m for the R treatment. In the year
2022, the heights were 2.57 m for F, 2.44 m for D, and 1.99 m for R treatments.

LAI was calculated as the ratio between the sum of the physiologically active leaf area
(LA) and the soil area occupied by the plant. Individual leaf LA (LAje,¢) was calculated as
suggested by [62,63] using Equation (2):

LAjqs = LL x LW x 0.75 @)
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where LL represents the length of the leaf lamina, LW represents the maximum leaf lamina
width, and 0.75 is the correction factor as proposed by the aforementioned authors. Only
green parts of the leaf lamina were taken into consideration. Measurements were taken
each seven days during the whole vegetation period for five representative plants from
each plot and presented as an average value for each treatment.

Grain yield was calculated by multiplying the average kernel weight of five plants per
plot by the plots” average number of plants per ha.

2.3. Remote Sensing Data and the Dual Crop Coefficient Approach

In order to explore the potential use of vegetation indices (VI) obtained from remote
sensing via satellite as well as the modeling of maize crop growth and development in the
central BiH region, the values of the basal crop coefficient (K.,) were determined based on
the following three approaches (Figure 4):

(i) Allen & Pereira approach (A&P)—which is the reference approach, involving the use
of ground data: leaf area index (LAI) measurements, each 7 days during the maize
crop season, in both years under study (2021 and 2022). This approach uses the A&P
equation [16] to obtain the density coefficient (K4) and then the basal crop coefficient
(Keb agp) according to the methodology defined by [33].

(ii) SIMDualKc approach (SD)—involving the use of the SIMDualKc model following the
recommendations from the FAO56 document [35] to calculate basal crop coefficient
(Keb sp)- Through calibration and validation of the soil water balance model (SWB),
using a set of statistical “goodness of fit” indicators, calibrated values for all conserva-
tive parameters were determined. The year 2022 served as the calibration year, while
2021 was used for validation.

(iii) Vegetation indices approach (VI)—involving the calculation of the basal crop co-
efficient (K, yr) based on the soil-adjusted vegetation index (SAVI) obtained from
Sentinel-2 satellite imagery [64]. Calibration of this method was conducted using
the trial-and-error method by adjusting the 1 exponent representing the relationship
between SAVI and a transpiration coefficient (T.) within the initial K., formula. The
observed values considered were the AP K, values, along with the same set of statis-
tical indicators as in the SD approach. In this case as well, the year 2022 was used for
calibration and 2021 for validation.

After calibrating and validating procedures for the SD and VI approaches, the daily
SWB was employed to identify water stress conditions within the three irrigation treat-
ments/water stress conditions: F, D, and R.

The dual crop coefficient approach implies the separation of plant and soil effects on
the crop coefficient (K.) and, under non-stressed conditions, is computed as follows:

Ke = Kep + Ke 3)
For water stress conditions, Kc is a result of the following equation:
Ke = Ks Kep + Ke (4)

In such instances, the terms actual evapotranspiration (ET, act), actual crop coefficient
(K¢ act), and actual basal crop coefficient (K, oc¢) are used [35]. The stress coefficient (Ks),
evaporation coefficient (Ke), actual basal crop coefficient (K 5ct), crop coefficient (K.), and
actual crop evapotranspiration (ET, ,4;) were computed for each treatment for each year
of the experiment (2021 and 2022) and for each approach applied (A&P, SD, and VI). The
complete methodology is presented in Figure 4.
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Figure 4. Methodology flow chart for the three approaches considered for the determination of
basal crop coefficients (K, ): SIMDualKe model (SD), ground truth A&P (A&P), and remote sensing
vegetation indices (VI).

2.4. Basal Crop Coefficient (K. asp) Calculation Based On-Ground LAI Observations—Allen &
Pereira Approach (A&P)

The reference value of K, was calculated following the method proposed by Allen
and Pereira [16] and known as the A&P approach [17]. This method is based on the plant
density coefficient (Ky) that was calculated based on ground measurements, mainly LAI
(Equation (2)) [16,34,65]. The following equations were used:

Keb aep = Ke min + Ka (K puar = Ke i ) ©)

where Ky is the crop density coefficient, K, ¢y is the estimated basal K, for peak plant
growth conditions having nearly full ground cover (LAI > 3), and K. p is the minimum
K. for bare soil (K. = 0.15 for standard agricultural conditions) [66,67]. K4 presented in
Equation (5) is calculated using the following equation [16]:

Kyj=1-— o[~07LAI] (6)

where LAI is defined as the area of leaves per area of ground surface (m?> m~2), and it was
calculated based on measured ground data (Equation (2)) for each of the 7 days during both
years. The Ky, ¢y in Equation (5) represents an upper limit on Ky, for vegetation under
an adequate water supply with a full ground cover and a LAI > 3. The K, ¢, value was
calculated as a function of mean plant height during the mid-season (h) and adjusted for
climate conditions as follows:

0.3
Kev fur = Fr (min(l-o +kyh, 1.20) + [0.04(uz — 2) — 0.004(RH,jy, — 45)] (Z) ) 7)

where F; is the resistance correction factor that takes into consideration stomatal control by
vegetation [33], u; is the average daily wind speed (m s!) at a height of 2 m above ground
level during the growth period, RHpin (%) is the average daily minimum relative humidity
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during the growth period, and h is the mean plant height (m) during the mid-season. The
effect of the crop height is considered through the sum (1 + ky, h), with ky, = 0.1 for tree,
vine, and tall field crops [15]. The upper limit for K, ¢,;; was 1.20, because, according to
local climatic adjustment, there was no need to change the K, ¢, value, which remained
equal to the standard value. A value of F; = 1 was used because this is the standard value
for most agricultural crops [68].

Since RHyyi, was not recorded during the maize growing period in 2021 and 2022, it
was estimated based on Tmax and Ty using the following equation [33]:

eO (Tmin)

min eo(Tmax)

100 (8)

2.5. SIMDualKc Model for Estimating Basal Crop Coefficient (K, sp) Using the Dual Crop
Coefficient Approach (SD)

SIMDualKc software (version from 24 March 2017) is a soil water balance model
that calculates daily crop evapotranspiration by considering a dual crop coefficient ap-
proach [33,69-71]. The SIMDualKc model calibration consisted of adjusting the standard
parameters for crop (such as Kp—Kp ini, Keb mids Kb end—and p—p inis P devs P mid, and p
maturity fOr each crop growth stage) and soil (TEW—totally evaporable water, REW—readily
evaporable water, and effective depth of the surface soil layer subject to drying—Z,), as
presented in several studies such as [72,73] in order to minimize the differences between
the simulated K, and observed ones (from the A&P approach). Calibration was performed
for the F treatment in 2022, while 2021 data were used for the validation procedure. In the
beginning of the calibration, the standard values proposed by Pereira and Paredes [37] were
considered. Crop data included dates for the start of each crop development stage (Table 3)
as well as the corresponding root depth, plant height, and p-fraction. The maximum root
depth was set to 1.0 m [36], and the maximum observed plant height was 2.69 m.

Table 3. Dates, days after sowing (DAS), and the length of the maize crop growth stages in 2021 and
2022.

Crop Growth Stages 2021 2022
Date (DAS) Length Date (DAS) Length

Planting/initiation (initial) 07.05.2021 (1) 30 05.05.2022 (1) 25
Start rapid growth 06.06.2021 (30) 40 30.05.2022 (25) 45
(development)

Start midseason (mid-season) 16.07.2021 (70) 61 14.07.2022 (70) 64
Start senescence/maturity 15.09.2021 (131) - 16.09.2022 (134) -
End season/harvesting (end) 23.10.2021 (170) 40 22.10.2022 (172) 39

The irrigation method was set to trickle irrigation (drip) with a fraction of soil surface
wetted by irrigation (fy,) of 0.3 for both F and D irrigation treatments. The irrigation
schedule was set to “User specified” and all irrigation events were provided to the model
with dates of the event and corresponding irrigation depths (mm) (Figure 2).

To identify the optimal set of non-measured parameters and assess their goodness-of-
fit, a graphical comparison of simulated and observed K, values was created. Subsequently,
linear regression was calculated, and when the regression coefficient (bg) and determination
coefficient (RZ) were close to 1, the predicted values were considered close to the observed
ones. Finally, a set of indicators commonly used in hydrology and crop modeling for
residual error estimation was applied [17,56,74-76].

2.6. Basal Crop Coefficient Derived from Remote Sensing Data (K, y)—Vegetation Indices
Approach (VI)

Free Sentinel-2 images were acquired directly from the Copernicus Open Access Hub,
available at: https://scihub.copernicus.eu (accessed on 21 December 2023) Sentinel-2 data
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provided 12 bands with channels ranging from 443 to 2190 nm and a spatial resolution
of 10 to 60 m. The European Space Agency (ESA) provides different types of images,
such as Level-1C (L1C), Level-2A (L2A), etc. L1C images were geometrically corrected
with the top-of-atmosphere (TOA) reflectance, but L2A images were geometrically and
atmospherically corrected with the top-of-canopy (TOC) reflectance. L2A images were
used for analyses because of their TOC correctness (L1C images need to be atmospherically
corrected using the Sen2Cor processor available in the SNAP toolbox).

For image processing and VI computing, ESA SNAP software (version 9.0.0) was used.
In SNAP, the analyzed plots are located on the images using geographic coordinates, and
the pixels of importance are marked (Figure 3). The sensing period was from 9 May to 1
October in 2021, and from 19 May to 6 October in 2022. In 2021, 41 images over the study
area in Butmir were available, but only 20 images were usable (cloud-free). In 2022, 39
images were available, and 16 of them were usable (Table 4). This is a consequence of the
humid climate at the research location and the frequent presence of clouds and fog over
Butmir, which prevents ground visibility from a satellite perspective. Table 4 presents the
summary of usable image dates considered for each year. They were resampled to 10 m
pixel size and clipped to the region of interest.

Table 4. Satellite image dates and days after sowing (DAS) considered for each year.

Total
Year May June July August September October Number of
Images
Date (DAS)
2021 09.05 (2) 03.06 (27) 08.07 (62) 02.08 (57) 01.09 (117) 01.10 (146) 20
29.05 (22) 08.06 (32) 13.07 (67) 07.08 (92) 06.09 (122)
18.06 (42) 28.07 (82) 12.08 (97) 11.09 (127)
23.06 (47) 17.08 (102) 26.09 (142)
28.06 (52) 22.08 (107)
2022 19.05 (14) 03.06 (29) 03.07 (59) 02.08 (89) 06.09 (124) 06.10 (154) 16
24.05 (19) 13.06 (39) 13.07 (69) 07.08 (94)
23.06 (49) 18.07 (74) 17.08 (104)
23.07 (79) 27.08 (114)
28.07 (84)

Using downloaded images (Table 4), SAVI [77] and K, yv; were calculated on a pixel-
by-pixel basis and averaged for each plot in the study area. SAVI was selected, as suggested
in previous research for, the maize crop [64].

Each treatment comprised three repetitions (plots), and each plot had four pixels;
in total, there were 12 values per sensing date for each treatment. SAVI was calculated
using the SAVI Processor command in SNAP software (version 9.0.0) based on the surface
spectral reflectance (p) on the red (RED) and near-infrared (NIR) domains, as depicted in
the following equation:

(oNIR — pRED)

AVI =
S (oNIR + pRED + L)

(1+L) )

where index L is the soil conditioning index varying between 0 and 1, with a value of L
close to 1 representing a high degree of vegetation coverage, and thus soil background has
no effect on the retrieval of vegetation information. A value of L equal to 0.5 is considered
for the most common environmental conditions and was found to minimize the effects
of soil brightness variation and eliminate the need for calibration under different soil
conditions [18,78].

Basal crop coefficient from vegetation indices (K, y1) was calculated using the modi-
fied approach introduced by Campos and Neale [64], which is based on Choudhury and
Ahmed [30]. This approach includes a residual evaporation factor (0.15) for bare soil that
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reflects evaporation occurrences several days after an irrigation or rain event [16,18,33]. To
calculate K, y1, the following equation was used:

B SAVIy —SAVI \"( 015
ch VI — ch max |:1 + (SAVImux — SAVImin) Kch . 1 (10)

where 1 or (k/K’) is the representative of the non-linear relationship between SAVI and
a transpiration coefficient T, Ky max is the basal crop coefficient at effective full crop
cover, and SAVInax and SAVI,;, represent the maximum and minimum values of SAVI
corresponding to dense vegetation and bare soil, respectively.

Since it was determined that n approaches 1 when using SAVI [30,79], many studies
propose using a linear relationship between SAVI and K, [30,64,80]. Since the validity of
these equations is restricted to the conditions for which they are developed, Equation (10)
was used and calibrated for crop, climate, and management conditions in the present study.

To calculate the initial values of Ky, y1, the reference values of these parameters for
maize, SAVIin and SAVInay, are derived from Equation (9), and K, max from Equation (5),
following a two-year experiment conducted in this study (2021 and 2022), considering the
F irrigation treatment. However, for the initial calculation, the 1 = 0.96 value was used as
the reported value for maize in the scientific literature [18,64].

Like the process already presented for SIMDualKc, the simulated basal crop coefficient
values calculated with Equation (10) from vegetation indices (K, y1) were calibrated for
2022 and validated for 2021 by comparing them with the observed values of the basal crop
coefficient (K., a¢p). The trial-and-error procedure was initially used with the original
Equation (10), with a value of n = 0.96 [64], and then this value was adjusted until the
difference measured with goodness-of-fit indicators (by, R%, RMSE, AAE, ARE, Epnay, EF,
and dja ) between observed (K, agp) and predicted (K, vy) values was minimized.

2.7. Actual Basal Crop Coefficient (K 40¢), Crop Coefficient (K.), and Actual Crop
Evapotranspiration (ET¢ ) Estimation

After calibrating and validating the SIMDualKc and vegetation indices, the K, val-
ues were computed for each approach (A&P, SD, and VI) and experimental year. As a
result, three sets of K, values—Allen and Pereira (K, agp), SIMDualKc (K, sp), and the
SAVI-based vegetation indices approach (K, yi)—were generated for each year of the
experiment. These K, values represent full irrigation treatments, signifying a situation
without stress. To calculate the actual crop (maize) evapotranspiration (ET, ,4;) and in-
clude stress conditions, the stress factor (Ks) at the crop root zone was estimated using the
daily soil water balance (SWB) method [18,34,81] of the SIMDualKc model. Therefore, the
following equation was employed to introduce water stress into the estimates:

ET¢ gt = (Kchb + Ke)ETo or ET¢ get = K¢ 4t ETo (11)

where the term K K, represents the actual basal crop coefficient (K, ac¢), which is the result
of actual stress conditions. Meanwhile, Ks K, + K represents the actual crop coefficient
(Kcact), and ET,, is the reference evapotranspiration calculated based on Equation (1).

To present water stress conditions, Ks was calculated following the procedures ex-
plained in FAO56 [18,33] and based on the initial soil conditions (Table 1) for every treatment
and year as follows:

Ks = 25w for Dr > RAW

(12)
K, =1 for D, < RAW

where TAW is the totally available water, RAW is the readily available water, Dr is the root
zone depletion, and p is the depletion fraction threshold. The soil dataset was prepared
to represent the soil characteristics, so that TAW was calculated by the model using the
provided data on the soil layer thickness, root depth, and FC and WP fractions in volume
for each soil layer (Table 1).
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The evaporation coefficient (K.) was calculated with the following equation [33]:
Ke - Kr(Kc max — ch act) < fech max (13)

where K; is the soil evaporation reduction coefficient, K¢ max is the maximum value of
the crop coefficient, and fe is the fraction of the soil that is wetted and exposed. The
evaporable soil layer, which is subject to soil evaporation, was defined to have a thickness
of 0.15 m, according to the soil characteristics, as proposed by [82]. The SIMDualKc SWB
model was employed to compute K and K separately for each treatment (F, D, and R) and
year of the experiment (2021 and 2022).

To avoid confusion in the Results and Discussion section, specific prefixes were as-
signed to each calculated parameter (K, Kep act, Keact, Ks, Ke, and ET 4ct) for each treat-
ment (F, D, and R), year (2021 and 2022), and calculation approach (A&P, SD, and VI). For
the year 2021, the prefixes are F21, D21, and R21, corresponding to full, deficit, and rainfed
treatments, respectively. Similarly, for the year 2022, the prefixes are F22, D22, and R22.

Finally, two sets of modeled ET. 4j from the K¢, vi (ET¢ aqjv1) and Kep sp (ET¢ adj sp)
approaches are compared with the observed ones (ET. ,4j a¢p), computed following the
A&P approach.

2.8. Statistical Analysis

In the statistical equations, observed values (X;) were represented by K, a¢p calcu-
lated using the Allen & Pereira approach with ground measurement of LAI, while predicted
values (Y;) were K, values calculated using the SIMDualKc approach (K, sp) or by an
approach based on vegetation indices (K, yi). X represents the mean value for observed
Ko, and Y represents the mean value for predicted K,. The applied statistical methods are

expressed as follows:
(X -X)(Yi—-Y
by = Eh1(Xi = X)(% — 1) ”
i=1(Xi = X)

i1 (Xi — X) (Yi = Y)

2 _
R* = . ) 0.5 " 5 0.5 (15)
[Eizl(Xi —X) } [ iz (Yi =) }
0.5
n (Y — X;)?
RMSE = ll_l(él) (16)
1 n
AAE = 7L, |X; - Y| (17)
_ @ n Xi =Y,
ARE = —=YL, < ‘ (18)
Emax = max|Y; — X;|1, (19)
" (X —Y;)?
EF =1.0— % (20)
i1 (Xi — X)
N 2
dia=1- Lizy(Xi — ) (21)

YN = X|+ X - X))

RMSE is the root mean square error, providing insight into the variance of the errors.
AAE serves as an alternative to RMSE, indicating the magnitude of estimated errors. ARE is
the average relative error, presented as a percentage. Emax denotes the maximum absolute
error. EF stands for model efficiency, and dj, is the index of agreement.

After selection of the best fitting values, the same values were applied on the second
year of the experiment and again tested with the same statistical indicators.
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3. Results and Discussion
3.1. Agroclimatic Conditions through the Crop Seasons

The average monthly maximum (Tmax) and minimum (Ty,n) air temperatures, rainfall
(P), and Hargreaves and Samani reference evapotranspiration (ET,) for the maize growing
period in two years (2021-2022), as well as its average for the reference long-term period of
1991-2020, are presented in Table 5.

Table 5. Average monthly maximum (Tmax), minimum (Tp,,) air temperature, rainfall (P), and
reference evapotranspiration (ET,) as average for reference periods 1991-2020 and 2021 and 2022.

Period

Parameter

May June July August September Maize Vegetation

Average Sum
< Timax (°C) 21.38 25.39 27.35 28.27 22.45 2497 124.84
% Tmin (°C) 9.06 12.64 14.10 14.32 10.39 12.10 60.50
o P (mm) 86.02 87.24 75.03 61.74 89.99 80.01 400.03
& ET, (mm) 104.02 120.96 131.55 123.02 83.29 112.57 562.84
Tmax (°C) 22.55 29.61 32.57 30.89 25.61 28.25 141.23
b Tmin (°C) 9.92 11.95 14.34 12.47 8.16 11.37 56.83
& P (mm) 25.00 27.40 62.00 45.40 35.60 39.08 195.40
ET, (mm) 113.78 157.42 170.42 147.62 100.02 137.85 689.27
Tmax (°C) 26.08 30.95 31.89 29.85 23.62 28.48 142.39
q Tmin (°C) 8.25 13.33 13.13 14.76 9.38 11.77 58.85
& P (mm) 49.80 40.40 68.20 99.50 115.56 74.69 373.46
ET, (mm) 142.49 162.07 169.85 132.84 88.48 139.15 695.73

In Butmir, July and August are the warmest months, with an average Tax of around
28 °C and a Ty of around 14 °C. Compared to the reference period, in 2021 and 2022, a
higher Trax was observed in every month, with an average difference during the maize
vegetation period of 3.28 °C in 2021 and 3.51 °C in 2022 compared to the reference period.
The highest difference was in July, when the temperature in 2021 was higher by 5.22 °C. In
contrast, Tp,in were lower in the years of the experiment compared to the reference period
for the vegetation period; they were 3.67 °C lower in 2021 and 1.65 °C lower in 2022. This
indicates greater temperature variations in recent years as the result of climate change in
Bosnia and Herzegovina (BiH) [1,83].

In terms of precipitation, 2021 had characteristics of a dry year with 195 mm of rainfall
during the maize growing season (May-September), which is 204 mm less than the average
for the reference period (400 mm). On the other hand, 2022 experienced normal levels of
precipitation, with 373 mm of rainfall, which is slightly lower (26 mm) than the reference
period average. The distribution of rainfall during 2021 shows the highest amounts in July
(62 mm), but overall, there were lower rainfall values compared to the reference values
throughout all months of the vegetation period. In 2022, there was a lower amount of
rainfall at the beginning of the vegetation period, ranging from 36 to 46 mm less than
the reference values, while higher rainfall was recorded in August and September. Based
on these data, we can conclude that 2021 was a dry year, while 2022 can be considered a
normal hydrological year.

There were no substantial differences in the ET, values between the experimental
years. The total ET,, for 2021 is 689 mm, while for 2022, it is 695 mm, both higher by 130 mm
compared to the reference values (562 mm). ET, in 2021 and 2022 is higher in every month
of the maize vegetation period. This also indicates the effects of climate change, which
have been confirmed by other studies conducted in BiH [5,84].

Figure 5 displays daily data, including Tmax and Tmin, as well as rainfall (P), for both
experimental years at the Butmir location.
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Figure 5. Daily maximum (Tmax), minimum (Tp,;,) air temperature, and rainfall (P) for year 2021
(a) and 2022 (b) experimental periods at Butmir.

In 2021, more pronounced temperature fluctuations were recorded compared to 2022,
especially at the beginning and end of the maize growing season. During 2021, high
maximum temperatures (Tmax) exceeding 38 °C were recorded nine times from the end of
June until the end of August, with the highest temperature of 39.6 °C recorded on 29 July
2021. This is significant as the maximum temperature threshold for heat stress in maize is
considered to be 40 °C [36], and during 2021, it was near this value on several occasions.
Unusually lower temperatures (Tmax < 25 °C) followed by rainfall were recorded from
17 to 19 July 2021. In 2022, temperatures exceeding 38 °C were recorded only twice, on
29 June (38.9 °C) and 29 July (39.8 °C). Like in 2021, there was a short period of lower Tmax
and higher rainfall during July, lasting for two days from 8 to 9 July 2022.

In 2021, during the maize vegetation period, 19 rain events with rainfall greater than
1 mm were recorded. These events were almost evenly distributed across the analyzed
months. On average, each event brought 5.38 mm of rain. The highest amount of rainfall
occurred on 28 August 2021, with 15.8 mm. In 2022, from the beginning of May to the end
of September, there were 45 rainy days with rainfall greater than 1 mm. September had
the highest number of rainy days (14). The average amount of rain per event in 2022 was
8.15 mm. The largest recorded rainfall was 46.8 mm, which happened on 8 August 2022.
From the daily rainfall data, the issue of very dry conditions in 2021 becomes even more
apparent.

Findings from Popov and Gnjatoand [85] support a significant increase in the occur-
rence of warm extremes alongside a declining trend in cold extremes, indicating that 2021
is not an exception and that such conditions of high temperatures and low precipitation
levels will become more frequent in BiH.

3.2. Leaf Area Index (LAI) and Maize Grain Yield through the Crop Seasons

The average values of leaf area index (LAI) measured on a seven-day basis for each
treatment (F, D, and R) are presented in Figure 6. LAI data were used to calculate K in the
A&P approach.

During 2021, the maximum average value of LAI was observed in 80 DAS, for all
treatments: 4.53 m?m—2 for F, 4.78 m%2 m~2 for D, and 3.22 m% m~2 for R treatments. In
general, the D treatment showed the highest values of LAI from 52 to 108 DAS. Similarly,
in 2022, 79 days after sowing, the highest LAI was achieved: 4.84 m? m~2 for F, 4.38 m?
m~2 for D, and 3.76 m? m~2 for R treatments. These values are in line with LAI values
reported in other studies on maize [62,86-88]. Campos and Neale [64] reported an even
higher maximum LAI for maize, reaching 5.50 m? m 2.
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Figure 6. Average LAI (m?2 m~2) for full (F), deficit (D), and rainfed (R) treatments during maize
growth seasons 2021 (a) and 2022 (b) in Butmir, Sarajevo, Bosnia, and Herzegovina.

The maize grain yield for different water levels in both crop seasons is presented in
Table 6, considering a correction for the kernel moisture content of 14%.

Table 6. The maize grain yield (t ha~1) in 2021 and 2022 for full irrigation (F), deficit irrigation (D),
and rainfed (R) water treatments.

Year Full Irrigation Deficit Irrigation Rainfed
2021 12.65 13.83 4.48
2022 14.20 12.30 8.75

The average grain yield varied between irrigation treatments and years. The yields of F
and D treatments were two times higher than the average maize yield of 6.0 t ha~! reported
by the Statistical Agency of BiH [12]. The average yield of R treatment was 6.6 tha~1,
which is in the range of the statistical data confirming that in BiH maize is cultivated mainly
under rainfed conditions. During 2021, the yield of treatment D was higher than that of
treatment F by 12.4%, while the yield of treatment R was lower by as much as 64.6%. In
2022, the maize yield in the F treatment was 13.4% higher than in D and 38.4% higher than
in R. When comparing 2022 to 2021, the yield of F treatment increased by 10.9%. However,
the yield of D decreased by 12.4% and drastically decreased by 48.8% for R.

3.3. Estimation of Basal Crop Coefficient with the SIMDualKc (K, sp) Model

The year 2022 was utilized for calibration and 2021 for validation of the prediction
models (SD and VI).

The calibration and validation of the SIMDualKc (SD) approach for maize in central
BiH were conducted using truly independent datasets of basal crop coefficients (Ky,), with
the A&P approach serving as the ground truth reference dataset. All calibrated values
(Keb inis Keb mids Keb ends Pinis Pdevs Pmid- Pmaturity, TEW, REW, and Z,) for the SD approach
are presented in Table 7.

Table 7. Initial and calibrated parameter values used in the SIMDualKc model for maize.

Maize Basal Crop Depletion Factors for No Stress Soil Evaporation
Coefficients (Kp,) Conditions (p) Parameters
TEW REW
Keb ini Kbmid  Kebend Pini Pdev Pmid Pmaturity Pend (mm) (mm) Z, (m)
Initial 0.15 1.15 0.50 0.50 0.50 0.50 0.50 0.50 51 11 0.15
Calibrated 0.30 1.15 0.45 0.55 0.55 0.55 0.55 0.55 51 11 0.15

Based on the review and update of the FAO56 conducted by Pereira and Paredes [37],
which considered only high-quality research conducted on maize in various locations,
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including Brazil, Portugal, Uruguay, China, and Pakistan, the observed values of K, miq
ranged between 1.00 and 1.15, while K, eng ranged from 0.20 to 0.64. The calibrated values
for central BiH fall within the same range. The same authors also provided values for
depletion factors for no stress conditions (p), ranging between 0.40 and 0.80. In this research
(Table 7), the calibrated values of p remain consistent across all crop stages and are slightly
higher than those originally proposed by the updated FAO56. This may be attributed to
the robust root system of the maize hybrid (BL-43), indicating high drought resistance, as
stated by the developer. Initial values considering soil evaporation parameters (TEW, REW,
and Z.) estimated based on soil physical and water-related characteristics (Table 1) did not
change after calibration.

Figure 7 depicts a graphical relationship between observed K, values (K, a¢p) and
calibrated SIMDualKc (K sp) for 2021 and 2022. The results show very good alignment
both in the calibration year and in the validation year.
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Figure 7. Basal crop coefficient (K,) based on the Allen and Pereira approach (K, agp) and simulated
by SIMDualKc (K, sp) after model calibration in 2022 (a) and validation in 2021 (b).
These results are confirmed by a set of goodness-of-fit indicators (Table 8).
Table 8. Goodness-of-fit indicator for the SIMDualKc (SD) model calibration and validation.
bo R? RMSE AAE ARE Emax EF dia
Calibration 0.93 0.89 0.12 0.08 11.82 0.26 0.82 0.95
Validation 0.95 0.91 0.11 0.07 15.68 0.34 0.89 0.97

Note: bp—regression coefficient, R2—determination coefficients, RMSE—the root mean square error, AAE—the
magnitude of estimated errors, ARE—the average relative error in percentages, Emax—the maximum absolute
error, EF—model efficiency, and djp—the index of agreement.

The regression coefficient (bg) is very close to 1 (0.93-0.95), indicating very similar
results between K, aep and Ky, sp. Also, R? is high (0.89-0.91), indicating that simulated
values (K, sp) explained most of the total variance of observed values (K., a¢p). Estimated
errors are small, RMSE is less than 0.12, AAE is below 0.08, and ARE is below 15.68%, while
the maximum absolute error is less than 0.34. Since the target value for EF and dp4 is 1.00,
in this research, EF can be considered good, ranging from 0.82 to 0.89, while dj, is very
high, ranging from 0.95 to 0.97. These values indicate very good results for Ky, prediction
by the calibrated SIMDualKc model.

3.4. Estimation of Basal Crop Coefficient with Vegetation Indices Approach (Ky, vi)

To calculate the initial values of K, vy, the reference values of the following parameters for
maize: Ky max = 0.95, SAVIin = 0.68, SAVInax = 0.09, and 1 = 0.96 (Equation (10)) [18,34,64]
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were used, considering only non-stress (F) conditions in the 2021 and 2022 crop cycles. The
calibration (2022) and validation (2021) of the vegetation indices (VI) approach for maize in
central BiH followed a trial-and-error procedure until observed (K¢, a¢p) and predicted
(Kep v1) values were minimized.

All calibrated values (K¢, max, SAVImax, SAVInin, 1) for the VI approach are presented
in Table 9.

Table 9. Initial and calibrated values used in the K, y; Equation (18) for the vegetation indices
approach for maize.

Kb max SAVIax SAVIin n Coefficient
Initial values 0.95 0.68 0.09 0.96 0.15
Calibrated values 1.17 0.64 0.14 2.40 0.15

All the newly obtained values closely match those previously reported in the literature,
with one notable exception: the damping coefficient 11 (2.40). The damping coefficient (1)
was introduced by Choudhury and Ahmed [30] to illustrate the non-linear relationship
between vegetation indices (such as SAVI and NDVI) and transpiration coefficients (T.). In
their study, Choudhury and Ahmed [30] reported a n value close to 1 when using SAVI
in Equation (10). This n value applies to various crops and corresponds to the period of
full transpiration—prior to senescence or seed development. In our case, the SAVI data
cover the entire maize growing period and indicate a non-linear relationship between SAVI
and T..

As explained by Gonzalez-Dugo and Mateos [81], subsequent to Choudhury and
Ahmed [30], some authors [89,90] have employed a linear K,—VI relationship despite the
underlying non-linear relationship, while others have examined and validated Equation
(10) for local conditions. For instance, Er-Raki and Chehbouniand [91] found a value
of n =1.55 for wheat in Marocco, while Campos and Neale [64] found n = 1.11 when
Kb min = 0, and n = 0.96 when K, min = 0.12 for maize in eastern Nebraska.

As noted by Pocas and Calera [18], the comparison of various Kg,-VI relationships
across different crops, based on published research using empirical and conceptual ap-
proaches, is valid for assessing ET. and irrigation requirements. However, the primary
challenge arises from the variability of this relationship, which is influenced by factors like
crop type, irrigation management, soil conditions, and climate.

Figure 8 shows a graphical relationship between observed (K sgp) and, based on
the VI, estimated basal crop coefficient (K, yr) values for 2021 and 2022. These findings
demonstrate excellent consistency, both during the calibration and validation years.

These results are confirmed by a set of goodness-of-fit indicators (Table 10).

Table 10. Goodness-of-fit indicator for vegetation indices (VI) approach for calibration and validation.

bo R? RMSE AAE ARE Emax EF dia
Calibration 1.00 0.97 0.05 0.03 8.19 0.13 0.97 0.99
Validation 1.02 0.97 0.08 0.05 15.40 0.19 0.95 0.99

Note: by—regression coefficient, R2—determination coefficients, RMSE—the root mean square error, AAE—the
magnitude of estimated errors, ARE—the average relative error in percentages, Emax—the maximum absolute
error, EF—model efficiency, and djp—the index of agreement.

The regression coefficient (bg) remains consistent at 1 during calibration and slightly
increases to 1.02 during validation, suggesting a close match between Ky, agp and Ky, yr.
High R? values of 0.97 for data sets indicate that the simulated values (Kg, v;) effectively
capture most of the observed variance (Kg, agp). Error metrics, such as RMSE (<0.08), AAE
(<0.05), and ARE (<15.40%), are all very low, with the maximum absolute error below 0.19.
Both EF and dja, with values exceeding 0.97 and approaching the target of 1.00, signify
excellent performance. Overall, these findings confirmed the precision of the calibrated VI
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approach in estimating maize basal crop coefficients using vegetation indices. Moreover,
compared to the statistical parameters for the SD approach (Table 8), the VI method emerges
as a more precise and preferable option.

. * Kcb_A&P + Keb_VI 14 - « Kcb_A&P  « Kcb_VI
) o0 e 0 ° 12 N .
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Figure 8. Basal crop coefficient (K,) based on the Allen and Pereira approach (K, a¢p) and simulated
by vegetation indices (K, y1) after equation calibration in 2022 (a) and validation in 2021 (b).

3.5. Dynamics of (Actual) Basal Crop Coefficients (K, 4 and Kp), Crop Coefficients (K gt and
K.), and Soil Evaporation Coefficient (K,) over the Seasons

Figure 9 illustrates the comparison of the daily actual basal crop coefficient (K¢ act),
basal crop coefficient (K,), actual crop coefficient (K act), averaged crop coefficient (K¢ mean),
and soil evaporation coefficient (K¢) throughout the crop seasons in BiH. These coefficients
were estimated using three approaches (A&P, SIMDualKc, and VI) and under different
water regimes (F, D, and R).

For all three approaches, the K4, and K, o¢; curves shown in Figure 9a,b,g,h,m,n under
full irrigation conditions coincide (Kg, = K, oct) When irrigation and rainfall events are
sufficient to prevent water stress, particularly during the period of maximum demand
by plants, that is, the mid-season stage. Conversely, under deficit irrigation (D), water
stress was observed (K, ot < Kgp) on several days, mainly in mid-season (from DAS 49
onward), due to the deficit irrigation practiced. This water stress was similar across the
approaches; however, VI detects this effect on plants better than the other approaches since
the SAVI from remote sensing data incorporates plant growth information throughout the
season. Additionally, the stress was more pronounced in 2021 than in 2022 due to a more
irregular distribution of rainfall (see comparison in Figure 9¢,d,i,j,0,p). Regarding maize
under rainfed conditions, water stress was observed in both analyzed years, with a more
intense effect in 2021 due to very irregular rainfall compared to 2022.

The soil evaporation curves, illustrating several K. peaks, demonstrate the responses
to rainfall and irrigation events throughout the phenological maize growth stages. In the
mid-season, these peaks mainly correspond to irrigation events for the F and D irrigated
treatments (Figure 9). Under R conditions, these K, variations are entirely dependent on
rainfall. Higher K. peaks (K. > 0.8 and/or closer to 1) occur on days with rainfall events
when the soil moisture is high (the ground is entirely wetted). This high frequency of K¢
peaks is observed across all treatments, especially in the initial period when the soil was
wet, as also noted by [39] for maize and [17] for olive orchards. Conversely, soil evaporation
coefficient peaks tend to have short durations and low values, which are directly related to
the small wet and exposed soil fraction, as explained in other studies [17,39] under full and
deficit irrigation conditions. Particularly under rainfed conditions, K > 0.6 is observed
from the final mid-season stage onward, mainly due to rainfall in the 2022 season.
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Figure 9. Actual basal crop coefficient (K, 4¢t), basal crop coefficient (Ky,), actual crop coefficient
(K¢ act), averaged single crop coefficient (K¢ mean), and evaporation coefficient (Kc) of maize under
full, deficit, and rainfed conditions estimated using A&P (a—f), SIMDualKc (g-1), and vegetation
indices (m-r) approaches during the crop seasons of 2021 and 2022 in Butmir, Sarajevo, Bosnia, and
Herzegovina. Precipitation and irrigation events are also shown.

The K¢ act and K, curves show good agreement under full irrigation conditions. In
contrast, the K¢ ot and K, curves display opposing patterns under D and R conditions
(Figure 9). This discrepancy arises because K. values are strongly influenced by the soil
evaporation coefficient (K), whereas K, values are not. The influence of K on the K,
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values within the same treatment is similar across different approaches. This study used the
SIMDualKc approach to obtain K¢, which was then used to calculate the K. values for all
approaches (A&P, SD, and VI). Consequently, the average actual crop coefficient (K¢ act mean)
curve follows a pattern similar to the Ky, 5t curves under full irrigation. Conversely, under
D and R treatments, the K¢ act mean pattern is highly variable and differs significantly from
the K oct pattern. This variability is due to the effects of soil evaporation on the K. values,
as previously mentioned. Additionally, Table 11 presents and discusses the mean K, and
K. values for each treatment and approach, compared to the standard values proposed by
FAO [33] and reviewed by [37].

Table 11. Comparison between actual Ky, and K. calculated for three approaches (A&P, SD, and VI)
and three irrigation treatments and tabulated values.

Irrigation
Treatment Year Approach K K.
ch ini ch mid ch end KC ini Kc mid Kc end
No stress - Tabulated 0.15 1.15 0.50-0.15 * 0.30 1.20 0.60-0.35 *
ch ini act ch mid act ch end act Kc ini act Kc mid act Kc end act
A&P 0.16 1.13 0.45 0.71 1.22 1.05
2021 SD 0.29 1.13 0.45 0.83 1.22 1.05
Full VI 0.26 1.14 0.45 0.81 1.23 1.05
irrigation A&P 0.19 1.13 0.45 0.77 1.22 0.80
2022 SD 0.29 1.12 0.45 0.86 1.20 0.80
VI 0.19 1.13 0.45 0.76 1.21 0.80
A&P 0.12 0.56 0.40 0.68 0.90 1.01
2021 SD 0.07 0.32 0.37 0.63 0.66 0.98
Deficit VI 0.21 0.55 0.40 0.77 0.89 1.01
irrigation A&P 0.16 0.70 0.15 0.78 1.08 0.54
2022 SD 0.14 0.46 0.05 0.76 0.85 0.44
VI 0.17 0.69 0.15 0.78 1.08 0.54
A&P 0.1 0.26 0.37 0.59 0.44 0.99
2021 SD 0.06 0.13 0.32 0.54 0.32 0.94
. VI 0.26 0.27 0.37 0.74 0.45 0.99
Rainfed
A&P 0.15 0.40 0.10 0.74 0.79 0.45
2022 SD 0.04 0.18 0.03 0.63 0.58 0.37
VI 0.15 0.40 0.10 0.74 0.80 0.50

Note: * The first value is for harvest at high grain moisture, and the second is for harvest after field dying of
the grain [33]. K o ini act is the actual initial basal crop coefficient, K, mid act is the actual mid-season basal crop
coefficient, Kg, end act is the actual end basal crop coefficient, K inj act is the actual initial crop coefficient, K¢ pmid act
is the actual mid-season crop coefficient, and K end act is the actual end crop coefficient.

The comparison between the actual crop coefficient (K, oct) and the calculated crop
coefficient (K act) for maize using three different approaches (A&P, SD, and VI) across three
irrigation treatments (F, D, and R) and tabulated K, and K values is presented in Table 11.

Comparison with tabulated crop coefficient (Kg,) values defined by FAO56 [33] can
only be applied to non-stress conditions, which in this research correspond to the data for
the F irrigation treatment. For the A&P approach, the values of basal crop coefficient for
initial (K, inj act: 0.16-0.20), mid-season (Kap, mid act: 1.13-1.14), and end stage (K, end act:
0.45) are almost identical to tabulated values (0.15, 1.15, and 0.50). The SD approach shows
slightly higher values for the initial basal crop coefficient (K, inj act: 0.29-0.30), as does the
VI approach (K, in act: 0.20-0.26), while other values of the basal crop coefficient are similar
to tabulated ones (Table 11). These values meet the condition outlined in the FAO56 paper,
which specifies that local values of Ky, should not deviate by more than 0.2 [33]. Within
the updated tabulated FAO56 K, values, Pereira and Paredes [37] provided an overview
of Kep min and K, eng values for maize obtained from a large number of studies, varying in
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irrigation methods, climate conditions, study locations, and methods of determining ET,
(SIMDualKc, SWB-TDR, and ISAREG). The K, mig values range from 1.00 to 1.15, which
aligns with our findings. Similarly, the K4, eng values fall within the range of 0.20 to 0.64.

Under conditions of certain stress, such as deficit irrigation treatment (D) in this study,
the K ot values determined by the A&P approach are lower than those in the F treatment,
especially during the mid-season crop development stage when they range from 0.56 to 0.70.
Particularly noticeable is the very low value of Ky, eng act (0.15) during the 2022 growing
season, which can be interpreted as a faster completion of maize vegetation under deficit
irrigation conditions. In our case, since harvesting was performed simultaneously (DAS
169 in 2021 and DAS 170 in 2022) for all irrigation treatments (F, D, and R), this resulted
in different moisture levels of maize grains at the time of harvest, which could affect the
values of Ky, end act and K¢ end act- This issue is also related to the last LAl measurement
taken on 4 October 2021 and 5 October 2022, respectively, or the last available image from
Sentinel-2 captured on 1 October 2021 and 6 October 2022, which occurred before the final
day of vegetation on 23 October 2021 and 22 October 2022, respectively. Compared to
the A&P values as a reference, the SD approach underestimates Ky, values, especially
during the initial and mid-seasonal stages of maize development. The values of the basal
crop coefficient differ by up to 0.24. On the other hand, the VI approach showed excellent
alignment of K, values in all three development stages, with differences of only 0.01. An
exception is observed during the initial phase of maize in 2022 (normal hydrological year),
when a slightly higher value of K, i act (0.21) was obtained using the VI approach.

Under non-irrigated conditions (R treatment), which represents the typical conditions
for maize cultivation in BiH, the values of the basal crop coefficient are even lower. This is
particularly evident during the mid-season stage in the dry year of 2021, when K, mid act
was only 0.26. Such low K, values indicate the inability of this crop to achieve its genetic
potential and highlight the importance of introducing irrigation into regular maize cultiva-
tion practices in BiH. In rainfed agriculture, both SD and VI approaches yield similar results
as in deficit irrigation conditions. The SD approach underestimates K, values, whereas the
VI approach, particularly in 2022, shows the same values as A&P. The poor performance of
the SD approach can be attributed to the fact that its calculation of K, does not account for
real-time changes in the crop due to specific stress related to current weather conditions.
On the other hand, A&P, through LAI and VI, through SAVI images, adjust these values
to actual conditions in the field. Overall, we can conclude that the SD approach should
be used with caution for monitoring maize under stress conditions, and its use should
be preferred to estimating K, for stress-free conditions. Furthermore, considering that
VI is dependent on the number of available cloud-free images, which in our conditions
amounted to 20 for 2021 and 16 for 2022 (Table 6), a smaller number of images would
certainly affect the accuracy of K, estimation. This is particularly important for humid
conditions like those in BiH, where there are a high number of cloudy days.

Many authors [18,23,34,79,81,92] have previously reported that the combined utiliza-
tion of VI approaches and SWB models enables the spatial representation of K st and
ET¢ act for crops cultivated under both stress and non-stress conditions. The advantage
of the VI approach lies in its ability to consider variations in crop growth due to weather
conditions [34,93], such as frost, low or high temperatures, and variations in air moisture
or wind speed. Except for that, this approach can demonstrate variations between different
fields [35], as evidenced by this research comparing results for no stress (F) and stress (D
and R) conditions.

The influence of evaporation is reflected in the K., and in this study, its values (K act)
are obtained by adding the Ky, 5ot to the evaporation coefficient (K¢) calculated in the
SIMDualKc model using Equation (13). Since the same K¢ data were used for all calculation
approaches (A&P, SD, and VI), the interpretation of differences between the approaches
remains the same as in the case of the K, .- Therefore, we will focus here on the differences
between the tabulated FAO56 [33] values and the K ¢t values obtained in this study. In
stress-free conditions (F), the obtained K 5t values (A&P, SD, and VI) for both years of this
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Actual maize evapotranspiration
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study (2021 and 2022) during the initial and end stages of maize development are higher
than the tabulated values, ranging from K inj act of 0.71 to 0.87 compared to K n; of 0.3,
and for K. eng act from 0.80 to 1.06 compared to K. enq 0f 0.35 to 0.60 (Table 11). On the other
hand, the mid-season period (K¢ mid act: 1.20-1.23) shows very good agreement with the
tabulated values (K iq: 1.20). It is evident that the tabulated K. values do not adequately
cover the evaporation that occurs when the maize is not fully covering the soil, that is,
during periods of maize growth and senescence. Also, maize was harvested earlier with
high grain moisture, especially in 2021, as indicated by Pereira and Paredes [37], where
K¢ end Vvalues under high grain moisture conditions can reach up to 0.95 [94].

3.6. Estimating Actual Evapotranspiration (ET 4c) for Maize

After calibration and validation, the actual evapotranspiration of maize (ET¢ 5ct) was
calculated using Equation (19) for all three approaches (A&P, SD, and VI), all irrigation
treatments (F, D, and R), and both years of experiment (2021 and 2022). The daily ET¢ act
for 2021 is shown in Figure 10.
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Figure 10. Actual maize evapotranspiration (ET act) as a result of the Allen and Pereira approach
(A&P), SIMDualKc approach (SD), and vegetation indices approach (VI) for full irrigation treatment
in 2021.

The daily evapotranspiration values obtained using different approaches during 2021
align closely, particularly from 60 DAS until the end of the vegetation period. Larger
differences are present during the initial development stage, up to the tasseling stage.
During this period, ET. vy is slightly higher, as indicated by the regression coefficient
value in Table 10 (by = 1.02). On the other hand, ET. sp values show slightly lower values
compared to the reference level (ET a¢p), especially during the period from DAS 54 to 58,
and period DAS 134-153.

The discrepancies during the initial stages of vegetation arise from variations in the
Kb act Values (Table 11) for each approach, or more precisely, from the capability of the
SIMDualKc model and vegetation indices to accurately calculate these values during a
period of intense biophysical changes in plants. However, these errors are negligible, as
previously determined by statistical indicators (Tables 8 and 10).

The highest value of ET¢ act, 9.05 mm day’l, was found for 62 DAS (8 July 2021), while
the lowest value, 0.57 mm day_l, was found for 157 DAS (11 October 2021). During the mid-
season growth stage (70-130 DAS), there were several noticeable declines in daily ET act
values. These declines were recorded during the 73, 103, 110, and 114 DAS. Comparing
these results with atmospheric conditions, it is evident that during these periods, there
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were lower air temperatures and increased rainfall, resulting in higher relative humidity
and lower evapotranspiration rates.

The daily ET. 4t values for the second year of the experiment (2022) are presented in
Figure 11.
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Figure 11. Actual maize evapotranspiration (ET act) as a result of the Allen and Pereira approach
(A&P), SIMDualKc approach (SD), and vegetation indices approach (VI) for full irrigation treatment
in 2022.

As in the first year of this study, the results show very good agreement during the
mid-season growth stage (DAS: 69-133). However, during the development stage (DAS:
25-69), there are some differences, indicating lower ET. ot values using the SD approach
and slightly higher values using the VI approach. The highest value of ET¢ act, 9.27 mm
day‘l, was recorded on 59 DAS (3 July 2022), while the lowest value, 1.41 mm day_l, was
recorded on 159 DAS (5 October 2022). The higher maximum and minimum values of
the ET. act in 2022 compared to 2021 indicate better conditions for maize development in
the second year of the experiment. This is further confirmed by the 10.9% higher yields
achieved in the second year (Table 6).

Similarly to the previous year, in 2022, there was also a decline in the ET. 5t due to
periods of lower air temperatures and higher rainfall. This is evident for 64, 96, 100, 110,
and 120 DAS.

Since this study also covered water stress conditions, namely, deficit irrigation (D)
(50% of water requirements) and rainfed cultivation (R), the ET, ¢t values were calculated
for these conditions as well. These values, expressed as the sum of ET¢ 5t in millimeters for
each growth stage, are provided in Table 12.

The highest values of ET. ot were calculated for 2022 and irrigation treatment, which
implied no stress conditions (full irrigation—F), ranging from 769 to 813 mm depending
on the calculation model. The lowest values were recorded in 2021 under non-irrigated
conditions, with ET¢ 4t values ranging from 332 to 444 mm.

Since the approach of calculating ET. using the dual crop coefficient or remote sensing
has not been previously applied in BiH and the region (Serbia and Croatia), it is difficult
to find studies that estimated the ET. values of maize for the Balkan region in non-stress
conditions.
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Table 12. Sum of actual evapotranspiration (ET. act, mm) for different maize development stages as a
result of different calculation approaches (A&P, SD, and VI) and different irrigation treatments.

"Ezlagt::eo; Year Approach Initial Development Mid-Season End Vegee:iaotzlon

A&P 81 202 355 104 742

2021 SD 95 194 355 90 734

e VI 92 226 356 101 776

Full irrigation

A&P 90 261 351 111 813

2022 SD 101 219 345 104 769

VI 90 263 351 103 807

A&P 77 188 257 80 601

2021 SD 73 155 188 66 482

e VI 87 206 256 78 627
Deficit irrigation

A&P 91 253 305 102 752

2022 SD 88 205 236 81 610

VI 92 247 304 97 740

A&P 66 146 120 71 403

2021 SD 62 125 83 63 332

Rainfed VI 82 168 123 71 444

A&P 85 224 212 94 616

2022 SD 71 170 151 75 467

VI 85 228 214 91 618

Note: A&P—Allen and Pereira approach, SD—SIMDualKc approach, and VI—Vegetation indices approach.

Since the approach of calculating ET. using the dual crop coefficient or remote sens-
ing has not been previously applied in BiH and the wider region (including Serbia and
Croatia), it is challenging to find studies that have estimated the ET. values of maize
for the Balkan region under non-stress conditions. For the Vojvodina region in Serbia,
Peji¢ and Raji¢and [95] reported maize ET. values of around 530 mm, while Gregori¢ and
Pocucaand [96] obtained an average value for the period from 1975 to 2000 of 511 mm.
Using the FAO56 methodology and tabulated K. values, Kresovic and Matovicand [97]
obtained an average ET. value for maize for the period from 2002 to 2010 of 530 mm, while
Simuni¢ and Liksoand [98] obtained 561 mm for wet and 514 mm for dry years in Croatia.
For the continental part of BiH, there have been certain studies on maize involving the use
of FAO56 tabulated single crop coefficient values and the AquaCrop model. According
to these studies, the long-term (1961-1990) average maize ET. for the Banja Luka region
(north BiH) is 635 mm [99], while for 2018 and locations in central BiH (Srebrenik, Kalesija,
and Kakanj), it ranges between 432 and 531 mm [44]. In other studies conducted world-
wide in continental climates, maize ET. values ranging from 663 to 803 mm have been
obtained [100,101].

During the mid-season, the highest sum of ET. 5t under the F (345-356 mm) and
D (188-305 mm) irrigation treatments (Table 12) was observed. Interestingly, this is not
the case in the R treatment, where ET. act has the highest sum in the developmental stage
(125-228 mm), which among other things is the result of available soil moisture at the
beginning of the vegetation and lower air temperature during this period (Table 5).

By comparing the two years of research, it can be seen that during 2022, when normal
climatic conditions prevailed, the values of ET. . were higher in all stages of maize
development, and for the entire vegetation period, they were 10% (71 mm) higher in the F
treatment, 25% (150 mm) higher in the D treatment, and even 54% (212 mm) higher in the
R treatment. The results indicate that even under well-wetted crop conditions (F), there are
certain differences in ET. 5.t between dry and normal years.
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4. Conclusions

In Bosnia and Herzegovina (BiH), no research has yet explored the application of
the dual crop coefficient approach (dual-Kc) or remote sensing (RS) data for precisely
determining crop evapotranspiration, crop coefficients, crop water requirements, and
irrigation needs. The soil water balance model SIMDualKc (SD) and the equation to
determine the actual basal crop coefficient (K, act), actual crop coefficient (K¢ act), and
actual crop evapotranspiration (ET act) based on satellite imagery (VI) were applied for
full and deficit drip-irrigation, as well as rainfed conditions in BiH. The A&P approach was
used as a reference method for estimating K, oo¢ from the weekly measured LAI index.

After calibration and validation over a two-year period (2021 and 2022) in a real-case
study on maize in the continental climate of BiH, both approaches proved useful for more
precise estimation of crop evapotranspiration and crop water requirements. This precision
could lead to improvements in water management in the region and ease the transition
from rainfed to irrigated production. The VI approach, while showing slightly higher
Keb act Values, delivered satisfactory results during both years of research and across all
production conditions. Unlike the soil water balance (SWB) approach and the SIMDualKc
model, the VI approach considers the current state of the crop by processing satellite
imagery and calculating K, ¢ through the SAVI vegetation index. A complicating factor
for this approach is the need to include stress and evaporation parameters (Ks and Ke),
which result from the SWB and must be calculated separately. Nevertheless, the obtained
results indicated the high accuracy of the VI approach, even in humid climatic conditions.

This research also demonstrates that by irrigating maize, even with deficit irrigation,
higher yields (67.6%) can be achieved in the humid climate conditions typical of central
BiH. This is further evidence of the ongoing transition in BiH from rainfed agriculture to
irrigation-dependent systems, particularly for crops that are relatively drought-resistant,
such as maize.

The approach followed in the experimental irrigation scheduling (the water balance
method with a single crop coefficient and FAOS56 tabulated K. values) may lead to dis-
crepancies in the results of water balance and stress presence due to differences between
K¢ act and tabulated K. values during certain periods and under full irrigation conditions.
However, this was not observed in this study, and such an approach did not affect the
obtained data.

Considering all the advantages of remote sensing approaches, future modeling soft-
ware such as SIMDualKc, AquaCrop, and others may move towards integrating remote
sensing into crop growth and development modeling processes. Additionally, the devel-
opment of artificial intelligence also opens significant opportunities. Finally, the findings
of this study can serve as a foundation for future utilization of RS methodologies and the
dual-Kc approach in irrigation management within the region. This is particularly crucial
for adapting to climate change, especially drought conditions, and advancing precision
farming and sustainable agricultural practices in BiH.

Author Contributions: Conceptualization, S.C., M.T. and T.A.P; methodology, s.C.,7.0.,DS.,B.C,
WS.A., M.S,, MM., M.T. and T.A P; software, S.C., Z.0., D.S., B.C., W.S.A., M.S. and T.A.P; validation,
S.C.,Z.0., DS, B.C., WS.A. and T.A.P; formal analysis, S.C., Z.0., D.S., B.C., WS.A.,, M.S, M.M., M.T.
and T.A.P,; investigation, S.C.,Z.0., DS, B.C.,, WS.A,, M.S.,, M.M., M.T. and T.A.P; resources, S.C.,
7.0.,DS., B.C, WS.A, M5, MM., M.T,, and T.A.P; data curation, S.C., Z.0., D.S., B.C., WS.A.,, M.S.,
MM., M.T. and T.A.P; writing—original draft preparation, S.C.,Z.0., DS, BC., WS.A., M.S., M.M.,
M.T. and T.A.P,; writing—review and editing, S.C.,Z.0.,DS.,B.C., WS.A., M.S., MM., M.T. and
T.A.P; visualization, S.C., Z.0., D.S., B.C., WS.A., M.S,, MM, M.T. and T.A.P; supervision, S.C., M.T.
and T.A.P; project administration, S.C,M.T and TAP; funding acquisition, S.C.,M.T.and TA.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union’s Horizon 2020 research and innovation
program under grant agreement No. 952396 (SMARTWATER project). Daniela Soares was funded by
the Fundagao para a Ciéncia e Tecnologia (FCT) through the researcher contract 2022.10607.BD.



Water 2024, 16, 1797 28 of 32

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: We would like to thank Mihajlo Markovi¢ from the Faculty of Agriculture,
University of Banja Luka, for his role as the SMARTWATER project coordinator. Our gratitude
also extends to Purad Hajder and Nataga Cerekovi¢ for their technical support. We appreciate the
assistance of Emir Be¢irovi¢ and Almira Konji¢ from the Faculty of Agriculture and Food Science
during the research implementation. Additionally, we are grateful to the Federal Hydrometeorological
Service of BiH for providing the climate data.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

FNC. Fourth National Communication of Bosnia and Herzegovina Under the United Nations Framework Convention on Climate Change, in
Preparation of the Fourth National Communication on Climate Change and the Third Biennial Update Report on Greenhouse Gas Emissions
of Bosnia and Herzegovina; UNDP: Sarajevo, Bosnia and Herzegovina, 2021. Available online: https://unfccc.int/sites/default/
files /resource /FNC%20BiH_ENG%?20fin.pdf (accessed on 20 December 2023).

NAP. Bosnia and Herzegovina National Adaptation Plan—NAP with Proposed Measures; UNDP: Sarajevo, Bosnia and Herzegovina,
2021. Available online: https:/ /unfccc.int/sites /default/files /resource /NAP-Bosnia-and-Herzegovina%20.pdf (accessed on 21
December 2023).

TNC. Third National Communication and Second Biennial Update Report on Greenhouse Gas Emissions of Bosnia and Herzegovina under
the United Nations Framework Convention on Climate Change; UNDP: Sarajevo, Bosnia and Herzegovina, 2016.

Trbic, G.; Popov, T.; Djurdjevic, V.; Milunovic, I.; Dejanovic, T.; Gnjato, S.; Ivanisevic, M. Climate Change in Bosnia and
Herzegovina According to Climate Scenario RCP8.5 and Possible Impact on Fruit Production. Atmosphere 2021, 13, 1. [CrossRef]
Cadro, S.; Uzunovic, M.; Markovic, M.; Zurovec, O.; Gocic, M. Climate change impacts on water balance components in bosnia
and herzegovina and croatia. J. Agric. For. 2023, 69, 101-116. [CrossRef]

Zurovec, O.; Vedeld, P.O. Rural Livelihoods and Climate Change Adaptation in Laggard Transitional Economies: A Case from
Bosnia and Herzegovina. Sustainability 2019, 11, 6079. [CrossRef]

Smajlovi¢, A.; Gudi¢, A.; Avdovi¢, A.; HadZi¢, F,; Tatarevi¢, S.; Ibrakovi¢, V.; Kermo, Z.; Cadro, S. Impact of Climate Change
on the Soil Water Balance Components in the Area of Sanski Most (Bosnia and Herzegovina). In Proceedings of the 32nd
Scientific-Expert Conference of Agriculture and Food Industry, Sarajevo, Bosnia and Herzegovina, 1-2 December 2022; Springer:
Cham, Switzerland, 2023. [CrossRef]

Zurovec, O.; Cadro, S.; Sitaula, B.K. Quantitative Assessment of Vulnerability to Climate Change in Rural Municipalities of Bosnia
and Herzegovina. Sustainability 2017, 9, 1208. [CrossRef]

Zurovec, O.; Vedeld, P.O,; Sitaula, B.K. Agricultural Sector of Bosnia and Herzegovina and Climate Change—Challenges and
Opportunities. Agriculture 2015, 5, 245-266. [CrossRef]

Martinovska Stojcheska, A.; Kotevska, A.; Janeska Stamenkovska, I.; Dimitrievski, D.; Zhllima, E.; Vasko, Z.; Bajramovi¢,
S.; Mihone Kerolli, M.; Markovi¢, M.; Kovacevi¢, V.; et al. Comparative Analysis of Agricultural Sectors and Rural Ar-
eas in the Pre-Accession Countries: D-3 Draft Final Report; SWG: Skoplje, Republic of Macedonia, 2022. Available online:
https:/ /seerural.org/news/comparative-analysis-of-agricultural-sectors-and-rural-areas-in-the-pre-accession-countries-
agricultural-policy-developments-situation-of-the-agri-food-sector-and-economic-context/ (accessed on 15 February 2024).
Playan, E.; Cerekovié¢, N.; Markovié, M.; Vagko, Z.; Veki¢, M.; Mujéinovi¢, A; Cadro, S; Hajder, D.; éipka, M.; Bedcirovi¢, E.; et al.
A roadmap to consolidate research and innovation in agricultural water management in Bosnia and Herzegovina. Agric. Water
Manag. 2024, 293, 108699. [CrossRef]

ASBH. Agencija za Statistiku Bosne i Hercegovine—Poljoprivreda. 2023. Available online: https://bhas.gov.ba/Calendar/
Category/23?lang=bs# (accessed on 18 September 2023).

Mitrovi¢, I.; Todorovi¢, M.; Markovi¢, M.; Mehmeti, A. Eco-efficiency analysis of rainfed and irrigated maize systems in Bosnia
and Herzegovina. J. Water Clim. Chang. 2023, 14, 4489-4505. [CrossRef]

EC. Guidelines for the Implementation of the Green Agenda for the Western Balkans, in Communication from the Commission to the European
Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions An Economic and Investment Plan
for the Western Balkans; European Commission: Brussels, Belgium, 2020; p. 22. Available online: https://networknature.eu/nbs-
resource/25083#:~:text=It%20further%?20details%20the%20five, the%20natural %20wealth%200f{%20the (accessed on 15 February
2024).

Pereira, L.; Paredes, P.; Melton, F,; Johnson, L.; Wang, T.; Lépez-Urrea, R.; Cancela, J.; Allen, R. Prediction of crop coefficients from
fraction of ground cover and height. Background and validation using ground and remote sensing data. Agric. Water Manag.
2020, 241, 106197. [CrossRef]

Allen, R.G.; Pereira, L.S. Estimating crop coefficients from fraction of ground cover and height. Irrig. Sci. 2009, 28, 17-34.
[CrossRef]


https://unfccc.int/sites/default/files/resource/FNC%20BiH_ENG%20fin.pdf
https://unfccc.int/sites/default/files/resource/FNC%20BiH_ENG%20fin.pdf
https://unfccc.int/sites/default/files/resource/NAP-Bosnia-and-Herzegovina%20.pdf
https://doi.org/10.3390/atmos13010001
https://doi.org/10.17707/AgricultForest.69.2.08
https://doi.org/10.3390/su11216079
https://doi.org/10.1007/978-3-031-47467-5_7
https://doi.org/10.3390/su9071208
https://doi.org/10.3390/agriculture5020245
https://seerural.org/news/comparative-analysis-of-agricultural-sectors-and-rural-areas-in-the-pre-accession-countries-agricultural-policy-developments-situation-of-the-agri-food-sector-and-economic-context/
https://seerural.org/news/comparative-analysis-of-agricultural-sectors-and-rural-areas-in-the-pre-accession-countries-agricultural-policy-developments-situation-of-the-agri-food-sector-and-economic-context/
https://doi.org/10.1016/j.agwat.2024.108699
https://bhas.gov.ba/Calendar/Category/23?lang=bs#
https://bhas.gov.ba/Calendar/Category/23?lang=bs#
https://doi.org/10.2166/wcc.2023.271
https://networknature.eu/nbs-resource/25083#:~:text=It%20further%20details%20the%20five,the%20natural%20wealth%20of%20the
https://networknature.eu/nbs-resource/25083#:~:text=It%20further%20details%20the%20five,the%20natural%20wealth%20of%20the
https://doi.org/10.1016/j.agwat.2020.106197
https://doi.org/10.1007/s00271-009-0182-z

Water 2024, 16, 1797 29 of 32

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Puig-Sirera, A.; Rallo, G.; Paredes, P,; Paco, T.A.; Minacapilli, M.; Provenzano, G.; Pereira, L.S. Transpiration and Water Use of an
Irrigated Traditional Olive Grove with Sap-Flow Observations and the FAO56 Dual Crop Coefficient Approach. Water 2021, 13,
2466. [CrossRef]

Pogas, I.; Calera, A.; Campos, I.; Cunha, M. Remote sensing for estimating and mapping single and basal crop coefficientes: A
review on spectral vegetation indices approaches. Agric. Water Manag. 2020, 233, 106081. [CrossRef]

Yao, X.; Wang, N.; Liu, Y.; Cheng, T,; Tian, Y.; Chen, Q.; Zhu, Y. Estimation of Wheat LAI at Middle to High Levels Using
Unmanned Aerial Vehicle Narrowband Multispectral Imagery. Remote Sens. 2017, 9, 1304. [CrossRef]

Campos-Taberner, M.; Garcia-Haro, FJ.; Camps-Valls, G.; Grau-Muedra, G.; Nutini, F; Crema, A.; Boschetti, M. Multitemporal
and multiresolution leaf area index retrieval for operational local rice crop monitoring. Remote Sens. Environ. 2016, 187, 102-118.
[CrossRef]

Calera, A.; Campos, I.; Osann, A.; D’urso, G.; Menenti, M. Remote Sensing for Crop Water Management: From ET Modelling to
Services for the End Users. Sensors 2017, 17, 1104. [CrossRef] [PubMed]

Vanino, S.; Nino, P.; De Michele, C.; Bolognesi, S.F.; D'Urso, G.; Di Bene, C.; Pennelli, B.; Vuolo, F,; Farina, R.; Pulighe, G.; et al.
Capability of Sentinel-2 data for estimating maximum evapotranspiration and irrigation requirements for tomato crop in Central
Italy. Remote Sens. Environ. 2018, 215, 452-470. [CrossRef]

Campos, I.; Neale, C.M.; Calera, A.; Balbontin, C.; Gonzalez-Piqueras, ]. Assessing satellite-based basal crop coefficients for
irrigated grapes (Vitis vinifera L.). Agric. Water Manag. 2010, 98, 45-54. [CrossRef]

Allen, R.G.; Tasumi, M.; Morse, A.; Trezza, R.; Wright, ].L.; Bastiaanssen, W.; Kramber, W.; Lorite, I.; Robison, C.W. Satellite-Based
Energy Balance for Mapping Evapotranspiration with Internalized Calibration (METRIC)—Applications. J. Irrig. Drain. Eng.
2007, 133, 395-406. [CrossRef]

Glenn, E.P; Neale, CM.U.; Hunsaker, D.].; Nagler, PL. Vegetation index-based crop coefficients to estimate evapotranspiration by
remote sensing in agricultural and natural ecosystems. Hydrol. Process. 2011, 25, 4050-4062. [CrossRef]

Glenn, E.P,; Huete, A.R.; Nagler, P.L.; Nelson, S.G. Relationship Between Remotely-sensed Vegetation Indices, Canopy Attributes
and Plant Physiological Processes: What Vegetation Indices Can and Cannot Tell Us About the Landscape. Sensors 2008, 8,
2136-2160. [CrossRef]

Johnson, L.F; Trout, T.J. Satellite NDVI Assisted Monitoring of Vegetable Crop Evapotranspiration in California’s San Joaquin
Valley. Remote Sens. 2012, 4, 439—-455. [CrossRef]

Vifia, A.; Gitelson, A.A.; Nguy-Robertson, A.L.; Peng, Y. Comparison of different vegetation indices for the remote assessment of
green leaf area index of crops. Remote Sens. Environ. 2011, 115, 3468-3478. [CrossRef]

Gonzalez-Dugo, V.; Zarco-Tejada, P.; Nicolas, E.; Nortes, P.A.; Alarcén, J.J.; Intrigliolo, D.S.; Fereres, E. Using high resolution UAV
thermal imagery to assess the variability in the water status of five fruit tree species within a commercial orchard. Precis. Agric.
2013, 14, 660-678. [CrossRef]

Choudhury, B.J.; Ahmed, N.U.; Idso, S5.B.; Reginato, R.J.; Daughtry, C.S. Relations between evaporation coefficients and vegetation
indices studied by model simulations. Remote Sens. Environ. 1994, 50, 1-17. [CrossRef]

Jensen, J.R. Remote Sensing of Environment: An Earth Resource Perspective; Prentice Hall, Inc.: New York, NY, USA; Upper Saddle
River, NJ, USA, 2000.

Jayanthi, H.; Neale, C.M.; Wright, J.L. Development and validation of canopy reflectance-based crop coefficient for potato. Agric.
Water Manag. 2007, 88, 235-246. [CrossRef]

Allen, R.G.; Pereira, L.; Raes, D.; Smith, M. Crop Evapotranspiration: Guidelines for Computing Crop Water Requirements. FAO
Irrigation and Drainage Paper; United Nations FAO: Rome, Italy, 1998; p. 326. Available online: https://appgeodb.nancy.inra.fr/
biljou/pdf/Allen_FAO1998.pdf (accessed on 14 December 2023).

Pégas, I; Pago, T.A.; Paredes, P.; Cunha, M.; Pereira, L.S. Estimation of Actual Crop Coefficients Using Remotely Sensed Vegetation
Indices and Soil Water Balance Modelled Data. Remote Sens. 2015, 7, 2373-2400. [CrossRef]

Pereira, L.S.; Allen, R.G.; Smith, M.; Raes, D. Crop evapotranspiration estimation with FAO56: Past and future. Agric. Water
Manag. 2015, 147, 4-20. [CrossRef]

Steduto, P; Hsiao, C.T.; Fereres, E.; Raes, D. Crop Yield Response to Water. FAO Irrigation and Drainage Paper; FAO: Rome, Italy, 2012;
p- 500. Available online: https:/ /www.fao.org/3/i2800e/i2800e.pdf (accessed on 14 December 2023).

Pereira, L.S.; Paredes, P.; Hunsaker, D.J.; Lopez-Urrea, R.; Shad, Z.M. Standard single and basal crop coefficients for field crops.
Updates and advances to the FAO56 crop water requirements method. Agric. Water Manag. 2021, 243, 106466. [CrossRef]
Zhang, W.; Liu, W.; Xue, Q.; Chen, J.; Han, X. Evaluation of the AquaCrop model for simulating yield response of winter wheat to
water on the southern Loess Plateau of China. Water Sci. Technol. 2013, 68, 821-828. [CrossRef]

Martins, ].D.; Rodrigues, G.C.; Paredes, P; Carlesso, R.; Oliveira, Z.B.; Knies, A.E.; Petry, M.T.; Pereira, L.S. Dual crop coefficients
for maize in southern Brazil: Model testing for sprinkler and drip irrigation and mulched soil. Biosyst. Eng. 2013, 115, 291-310.
[CrossRef]

Smith, M. CROPWAT: A Computer Program for Irrigation Planning and Management; FAO Irrigation and Drainage Paper 46; FAO
land and Water Development Division: Rome, Italy, 1992. Available online: https://books.google.ba/books/about/CROPWAT.
html?id=p9tB2ht47NAC&redir_esc=y (accessed on 14 December 2023).

Rao, A.; Saxton, K. Analysis of soil water and water stress for pearl millet in an Indian arid region using the SPAW Model. ]. Arid.
Environ. 1995, 29, 155-167. [CrossRef]


https://doi.org/10.3390/w13182466
https://doi.org/10.1016/j.agwat.2020.106081
https://doi.org/10.3390/rs9121304
https://doi.org/10.1016/j.rse.2016.10.009
https://doi.org/10.3390/s17051104
https://www.ncbi.nlm.nih.gov/pubmed/28492515
https://doi.org/10.1016/j.rse.2018.06.035
https://doi.org/10.1016/j.agwat.2010.07.011
https://doi.org/10.1061/(ASCE)0733-9437(2007)133:4(395)
https://doi.org/10.1002/hyp.8392
https://doi.org/10.3390/s8042136
https://doi.org/10.3390/rs4020439
https://doi.org/10.1016/j.rse.2011.08.010
https://doi.org/10.1007/s11119-013-9322-9
https://doi.org/10.1016/0034-4257(94)90090-6
https://doi.org/10.1016/j.agwat.2006.10.020
https://appgeodb.nancy.inra.fr/biljou/pdf/Allen_FAO1998.pdf
https://appgeodb.nancy.inra.fr/biljou/pdf/Allen_FAO1998.pdf
https://doi.org/10.3390/rs70302373
https://doi.org/10.1016/j.agwat.2014.07.031
https://www.fao.org/3/i2800e/i2800e.pdf
https://doi.org/10.1016/j.agwat.2020.106466
https://doi.org/10.2166/wst.2013.305
https://doi.org/10.1016/j.biosystemseng.2013.03.016
https://books.google.ba/books/about/CROPWAT.html?id=p9tB2ht47NAC&redir_esc=y
https://books.google.ba/books/about/CROPWAT.html?id=p9tB2ht47NAC&redir_esc=y
https://doi.org/10.1016/S0140-1963(05)80086-2

Water 2024, 16, 1797 30 of 32

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.
67.

68.

Raes, D.; Steduto, P.; Hsiao, T.C.; Fereres, E. AquaCrop—The FAO Crop Model to Simulate Yield Response to Water: II. Main
Algorithms and Software Description. Agron. J. 2009, 101, 438-447. [CrossRef]

Cadro, S. Razvoj i Primjena Softverskih Modela u Cilju Odrzivog Upravljanja Vodom i Povecanja Produktivnosti Poljoprivrednih Kultura u
BiH; Faculty of Agriculture and Food Sciences University of Sarajevo: Sarajevo, Bosnia and Herzegovina, 2019. [CrossRef]
Cadro, S.; ékaljié, S.; Rakita, N.; Zurovec, J. A Modern Hardware and Software Solutions for Corn Irrigation. In Proceedings of
the 4th International Symposium Agricultural Engineering ISAE, Belgrade, Serbia, 31 October-2 November 2019; p. 18. Available
online: https://www.researchgate.net/publication/339018754_A_MODERN_HARDWARE_AND_SOFTWARE_SOLUTIONS_
FOR_CORN_IRRIGATION (accessed on 18 December 2023).

Markovi¢, M.; Cerekovié, N.; Hajder, D.; Zapata, N.; Pago, T.A ; Riezzo, E.E.; Cadro, S.; Todorovi¢, M. Promoting the Application
of Smart Technologies in Agricultural Water Management in Bosnia and Herzegovina. In Serbian Society of Soil Science Soils for
Future under Global Challenges. In Proceedings of the 3rd International and 15th National Congress, Serbian Society of Soil Science, 21-24
September 2021; University of Belgrade, Faculty of Agriculture: Sokobanja, Serbia, 2021. Available online: https://cordis.europa.
eu/project/id /952396 (accessed on 20 February 2024).

Crljenkovi¢, B. Comparative Analysis of Different Software Models for Determination of Irrigation Requirements in Maize; University of
Sarajevo: Sarajevo, Bosnia and Herzegovina, 2022; p. 85.

Allen, R.G.; Clemmens, A J.; Burt, CM.; Solomon, K.; O’halloran, T. Prediction Accuracy for Projectwide Evapotranspiration
Using Crop Coefficients and Reference Evapotranspiration. J. Irrig. Drain. Eng. 2005, 131, 24-36. [CrossRef]

Bréda, N.J.J. Ground-based measurements of leaf area index: A review of methods, instruments and current controversies. J. Exp.
Bot. 2003, 54, 2403-2417. [CrossRef]

Geiger, R. KoppenGeiger/Klima der Erde. (Wandkarte 1:16 Mill.); KlettPerthes: Gotha, Germany, 1961.

Cadro, S.; Cherni-Cadro, S.; Markovi¢, M.; Zurovec, J. A reference evapotranspiration map for Bosnia and Herzegovina. Int. Soil
Water Conserv. Res. 2018, 7, 89-101. [CrossRef]

Resulovi¢, H.; Custovi¢, H.; Cengié, 1. Sistematika Tla/Zemljista—Nastanak, Svojstva i Plodnost; Univerzitet u Sarajevu,
Poljoprivredno-Prehrambeni Fakultet: Sarajevo, Bosnia and Herzegovina, 2008.

Cerekovic, N.; Markovic, M.; Radic, V.; Cadro, S.; Crljenkovic, B.; Zapata, N.; Pago, T.A.; Almeida, W.; Stricevic, R.; Todorovic, M.
Impact of different water regimes on maize grown at two distinctive pedo-climatic locations in Bosnia and Herzegovina. Span. J.
Agric. Res. 2024, 22, €1201. [CrossRef]

TUS Working Group. World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and Creating
Legends for Soil Maps; International Union of Soil Sciences (IUSS): Vienna, Austria, 2022; Volume 4.

Todorovic, M. An Excel-Based Tool for Real-Time Irrigation Management at Field Scale. In Proceedings of the International
Symposium on Water and Land Management for Sustainable Irrigated Agriculture, Adana, Turkey, 4-8 April 2006.
Hargreaves, G.H.; Samani, Z.A. Reference Crop Evapotranspiration from Temperature. Trans. ASAE 1985, 1, 96-99. Available
online: https:/ /www.scirp.org/(S(i43dyn45teexjx455qlt3d2q)) / reference /referencespapers.aspx?referenceid=1225457 (accessed
on 18 December 2023). [CrossRef]

Cadro, S.; Uzunovié, M.; Zurovec, J.; Zurovec, O. Validation and calibration of various reference evapotranspiration alternative
methods under the climate conditions of Bosnia and Herzegovina. Int. Soil Water Conserv. Res. 2017, 5, 309-324. [CrossRef]
Hargreaves, G.H. Simplified Coefficients for Estimating Monthly Solar Radiation in North America and Europe; Department of Biological
and Irrigation Engineering, Utah State University: Logan, UT, USA, 1994.

Jabloun, M.; Sahli, A. Evaluation of FAO-56 methodology for estimating reference evapotranspiration using limited climatic data.
Agric. Water Manag. 2008, 95, 707-715. [CrossRef]

Todorovic, M.; Karic, B.; Pereira, L.S. Reference evapotranspiration estimate with limited weather data across a range of
Mediterranean climates. J. Hydrol. 2012, 481, 166-176. [CrossRef]

Colovic, M.; Yu, K.; Todorovic, M.; Cantore, V.; Hamze, M.; Albrizio, R.; Stellacci, A.M. Hyperspectral Vegetation Indices to Assess
Water and Nitrogen Status of Sweet Maize Crop. Agronomy 2022, 12, 2181. [CrossRef]

Piscitelli, L.; Colovic, M.; Aly, A.; Hamze, M.; Todorovic, M.; Cantore, V.; Albrizio, R. Adaptive Agricultural Strategies for Facing
Water Deficit in Sweet Maize Production: A Case Study of a Semi-Arid Mediterranean Region. Water 2021, 13, 3285. [CrossRef]
Maddonni, G.; Otegui, M. Leaf area, light interception, and crop development in maize. Field Crop. Res. 1996, 48, 81-87. [CrossRef]
Mokhtarpour, H.; Teh, C.B.S,; Saleh, G.; Selmat, A.B.; Asadi, M.E.; Kamar, B. Non-destructive estimation of maize leaf area, fresh
weight, and dry weight using leaf length and leaf width. Commun. Biometry Crop Sci. 2010, 5, 19-26.

Campos, I; Neale, C.M.; Suyker, A.E.; Arkebauer, T.J.; Gongalves, I.Z. Reflectance-based crop coefficients REDUX: For operational
evapotranspiration estimates in the age of high producing hybrid varieties. Agric. Water Manag. 2017, 187, 140-153. [CrossRef]
Pdgas, I.; Rodrigues, A.; Gongalves, S.; Costa, PM.; Gongalves, I.; Pereira, L.S.; Cunha, M. Predicting Grapevine Water Status
Based on Hyperspectral Reflectance Vegetation Indices. Remote Sens. 2015, 7, 16460-16479. [CrossRef]

Wright, ].L. New Evapotranspiration Crop Coefficients. Proc. Am. Soc. Civ. Eng. ]. Irrig. Drain. Div. 1982, 108, 54-74. [CrossRef]
Allen, R.G,; Pereira, L.S.; Smith, M.; Raes, D.; Wright, J.L. FAO-56 Dual Crop Coefficient Method for Estimating Evaporation from
Soil and Application Extensions. . Irrig. Drain. Eng. 2005, 131, 2-13. [CrossRef]

Allen, R.G.; Pruitt, W.O.; Businger, ].A.; Fritschen, L.J.; Jensen, M.E.; Quinn, EH. Evaporation and Transpiration, in ASCE Handbook
of Hydrology, 2nd ed.; American Society of Civil Engineers: New York, NY, USA, 1996; pp. 125-252.


https://doi.org/10.2134/agronj2008.0140s
https://doi.org/10.13140/RG.2.2.21527.93601
https://www.researchgate.net/publication/339018754_A_MODERN_HARDWARE_AND_SOFTWARE_SOLUTIONS_FOR_CORN_IRRIGATION
https://www.researchgate.net/publication/339018754_A_MODERN_HARDWARE_AND_SOFTWARE_SOLUTIONS_FOR_CORN_IRRIGATION
https://cordis.europa.eu/project/id/952396
https://cordis.europa.eu/project/id/952396
https://doi.org/10.1061/(ASCE)0733-9437(2005)131:1(24)
https://doi.org/10.1093/jxb/erg263
https://doi.org/10.1016/j.iswcr.2018.11.002
https://doi.org/10.5424/sjar/2024223-20925
https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/referencespapers.aspx?referenceid=1225457
https://doi.org/10.13031/2013.26773
https://doi.org/10.1016/j.iswcr.2017.07.002
https://doi.org/10.1016/j.agwat.2008.01.009
https://doi.org/10.1016/j.jhydrol.2012.12.034
https://doi.org/10.3390/agronomy12092181
https://doi.org/10.3390/w13223285
https://doi.org/10.1016/0378-4290(96)00035-4
https://doi.org/10.1016/j.agwat.2017.03.022
https://doi.org/10.3390/rs71215835
https://doi.org/10.1061/JRCEA4.0001372
https://doi.org/10.1061/(ASCE)0733-9437(2005)131:1(2)

Water 2024, 16, 1797 31 of 32

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

Rosa, R.D.; Paredes, P.; Rodrigues, G.C.; Alves, I; Fernando, R.M.; Pereira, L.S.; Allen, R.G. Implementing the dual crop coefficient
approach in interactive software. 1. Background and computational strategy. Agric. Water Manag. 2011, 103, 8-24. [CrossRef]
Rosa, R.D.; Paredes, P.; Rodrigues, G.C.; Fernando, R.M.; Alves, L; Pereira, L.S.; Allen, R.G. Implementing the dual crop coefficient
approach in interactive software: 2. Model testing. Agric. Water Manag. 2011, 103, 62-77. [CrossRef]

Pereira, L.S.; Paredes, P.; Rodrigues, G.C.; Neves, M. Modeling malt barley water use and evapotranspiration partitioning in two
contrasting rainfall years. Assessing AquaCrop and SIMDualKc models. Agric. Water Manag. 2015, 159, 239-254. [CrossRef]
Paredes, P.; de Melo-Abreu, J.; Alves, I.; Pereira, L. Assessing the performance of the FAO AquaCrop model to estimate maize
yields and water use under full and deficit irrigation with focus on model parameterization. Agric. Water Manag. 2014, 144, 81-97.
[CrossRef]

Giménez, L.; Paredes, P; Pereira, L.S. Water Use and Yield of Soybean under Various Irrigation Regimes and Severe Water Stress.
Application of AquaCrop and SIMDualKc Models. Water 2017, 9, 393. [CrossRef]

Cholpankulov, E.D.; Inchenkova, O.P,; Paredes, P; Pereira, L.S. Cotton irrigation scheduling in central Asia: Model calibration
and validation with consideration of groundwater contribution. Irrig. Drain. 2008, 57, 516-532. [CrossRef]

Paredes, P; Rodrigues, G.; Alves, I.; Pereira, L. Corrigendum to “Partitioning evapotranspiration, yield prediction and economic
returns of maize under various irrigation management strategies” [Agric. Water Manage. 135 (2014) 27-39]. Agric. Water Manag.
2014, 141, 84. [CrossRef]

LeGates, D.R.; McCabe, G.J., Jr. Evaluating the use of “goodness-of-fit” Measures in hydrologic and hydroclimatic model
validation. Water Resour. Res. 1999, 35, 233-241. [CrossRef]

Huete, A.R. A soil-adjusted vegetation index (SAVI). Remote Sens. Environ. 1988, 25, 295-309. [CrossRef]

Huete, A.; Liu, H. An error and sensitivity analysis of the atmospheric- and soil-correcting variants of the NDVI for the
MODIS-EOS. IEEE Trans. Geosci. Remote Sens. 1994, 32, 897-905. [CrossRef]

Gonzalez-Dugo, M.; Escuin, S.; Cano, E; Cifuentes, V.; Padilla, E; Tirado, J.; Oyonarte, N.; Fernandez, P.; Mateos, L. Monitoring
evapotranspiration of irrigated crops using crop coefficients derived from time series of satellite images. II. Application on basin
scale. Agric. Water Manag. 2013, 125, 92-104. [CrossRef]

Bausch, W.C. Soil Vackground Effects on Reflectance-Based Crop Coefficients for Corn. Remote Sens. Environ. 1993, 46, 213-222.
[CrossRef]

Gonzalez-Dugo, M.; Mateos, L. Spectral vegetation indices for benchmarking water productivity of irrigated cotton and sugarbeet
crops. Agric. Water Manag. 2008, 95, 48-58. [CrossRef]

Allen, R.G,; Pruitt, W.O.; Raes, D.; Smith, M.; Pereira, L.S. Estimating Evaporation from Bare Soil and the Crop Coefficient for the
Initial Period Using Common Soils Information. J. Irrig. Drain. Eng. 2005, 131, 14-23. [CrossRef]

Popov, T.; Gnjato, S.; Gnjato, R. Recent Climate Change in Bosnia and Herzegovina. In Proceedings of the Materials of the
International Scientific and Practical Conference Geographical Science of Uzbekistan and Russia: Common Problems, Potential
and Prospects for Cooperation, Tashkent, Republic of Uzbekistan, 13-19 May 2019.

Cadro, S.; Uzunovic, M.; Cherni-Cadro, S.; Zurovec, J. Changes in the Water Balance of Bosnia and Herzegovina as a Result of
Climate Change. Agric. For. 2019, 65, 19-33. Available online: http://www.agricultforest.ac.me/data/20190930-02%20Cadro%20
et%?20al.pdf (accessed on 15 March 2024).

Popov, T.; Gnjato, S.; Trbic, G. Changes in temperature extremes in Bosnia and Herzegovina: A fixed thresholds-based index
analysis. J. Geogr. Inst. Jovan Cvijic SASA 2018, 68, 17-33. [CrossRef]

Stewart, D.; Dwyer, L. Mathematical characterization of maize canopies. Agric. For. Meteorol. 1993, 66, 247-265. [CrossRef]
Baez-Gonzalez, A.D.; Kiniry, ].R.; Maas, S.J.; Tiscareno, M.L.; Macias, C.J.; Mendoza, ].L.; Richardson, C.W.; Salinas, G.J.; Manjarrez,
J.R. Large-Area Maize Yield Forecasting Using Leaf Area Index Based Yield Model. Agron. J. 2005, 97, 418-425. [CrossRef]
Nguy-Robertson, A.; Gitelson, A.; Peng, Y.; Vifa, A.; Arkebauer, T.; Rundquist, D. Green Leaf Area Index Estimation in Maize
and Soybean: Combining Vegetation Indices to Achieve Maximal Sensitivity. Agron. J. 2012, 104, 1336-1347. [CrossRef]

Bausch, W.C.; Neale, CM.U. spectral Inputs Improve Corn Crop Coefficients and Irrigation Scheduling. Trans. ASAE 1989, 32,
1901. [CrossRef]

D'Urso, G.; Calera, A.B. Operative Approaches to Determine Crop Water Requirements from Earth Observation Data: Method-
ologies and Applications. In Earth Observation for Vegetation Monitoring and Water Management; AIP Publishing: Naples, Italy, 2006.
[CrossRef]

Er-Raki, S.; Chehbouni, A.; Guemouria, N.; Duchemin, B.; Ezzahar, J.; Hadria, R. Combining FAO-56 model and ground-based
remote sensing to estimate water consumptions of wheat crops in a semi-arid region. Agric. Water Manag. 2007, 87, 41-54.
[CrossRef]

Odi-Lara, M.; Campos, I.; Neale, C.M.U.; Ortega-Farias, S.; Poblete-Echeverria, C.; Balbontin, C.; Calera, A. Estimating Evapotran-
spiration of an Apple Orchard Using a Remote Sensing-Based Soil Water Balance. Remote Sens. 2016, 8, 253. [CrossRef]
Hunsaker, D.J.; Pinter, PJ.; Kimball, B.A. Wheat basal crop coefficients determined by normalized difference vegetation index.
Irrig. Sci. 2005, 24, 1-14. [CrossRef]

Alberto, M.C.R;; Quilty, ].R.; Buresh, R.J.; Wassmann, R.; Haidar, S.; Correa, T.Q.; Sandro, ].M. Actual evapotranspiration and dual
crop coefficients for dry-seeded rice and hybrid maize grown with overhead sprinkler irrigation. Agric. Water Manag. 2014, 136,
1-12. [CrossRef]


https://doi.org/10.1016/j.agwat.2011.10.013
https://doi.org/10.1016/j.agwat.2011.10.018
https://doi.org/10.1016/j.agwat.2015.06.006
https://doi.org/10.1016/j.agwat.2014.06.002
https://doi.org/10.3390/w9060393
https://doi.org/10.1002/ird.390
https://doi.org/10.1016/j.agwat.2014.04.001
https://doi.org/10.1029/1998WR900018
https://doi.org/10.1016/0034-4257(88)90106-X
https://doi.org/10.1109/36.298018
https://doi.org/10.1016/j.agwat.2013.03.024
https://doi.org/10.1016/0034-4257(93)90096-G
https://doi.org/10.1016/j.agwat.2007.09.001
https://doi.org/10.1061/(ASCE)0733-9437(2005)131:1(14)
http://www.agricultforest.ac.me/data/20190930-02%20Cadro%20et%20al.pdf
http://www.agricultforest.ac.me/data/20190930-02%20Cadro%20et%20al.pdf
https://doi.org/10.2298/IJGI1801017P
https://doi.org/10.1016/0168-1923(93)90074-R
https://doi.org/10.2134/agronj2005.0418
https://doi.org/10.2134/agronj2012.0065
https://doi.org/10.13031/2013.31241
https://doi.org/10.1063/1.2349323
https://doi.org/10.1016/j.agwat.2006.02.004
https://doi.org/10.3390/rs8030253
https://doi.org/10.1007/s00271-005-0001-0
https://doi.org/10.1016/j.agwat.2014.01.005

Water 2024, 16, 1797 32 of 32

95.

96.

97.

98.

99.

100.

101.

Peji¢, B.; Raji¢, M.; Bosnjak, D.; Macki¢, K.; Ja¢imovi¢, G.; Jug, D.; Stri¢evi¢, R. Application of reference evapotranspiration in
calculation water use on maize evapotranspirationin climatic conditions of Vojvodina. Letop Naucnih Rad Poljopr. Fak. 2011, 35,
32-46.

Gregori¢, E.; Po¢uca, V.; Vujadinovi¢ Mandi¢, M.; Matovi¢, G. Prediction of Water Conditions for Maize Cultivation on the
Chernozem Soil until the Year of 2100. In Proceedings of the 11th International Scientific Agriculture Symposium “AGROSYM
2020”, Jahorina, Bosnia and Herzegovina, 8-9 October 2020; pp. 611-617.

Kresovic, B.; Matovic, G.; Gregoric, E.; Djuricin, S.; Bodroza, D. Irrigation as a climate change impact mitigation measure: An
agronomic and economic assessment of maize production in Serbia. Agric. Water Manag. 2014, 139, 7-16. [CrossRef]

Simuni¢, L; Likso, T; Husnjak, S.; Orlovié-Leko, P.; Bubalo Kovaci¢, M. Analysis of climate elements in the northeastern region of
Croatia for the purpose of determining irrigation requirements of maize and soybean on drained soil. Agric For. 2021, 67, 7-20.
[CrossRef]

Stricevic, R.J.; Stojakovic, N.; Vujadinovic-Mandic, M.; Todorovic, M. Impact of climate change on yield, irrigation requirements
and water productivity of maize cultivated under the moderate continental climate of Bosnia and Herzegovina. J. Agric. Sci. 2017,
156, 618-627. [CrossRef]

Padilla, FL.M.; Gonzalez-Dugo, M.P,; Gavilan, P.; Dominguez, J. Integration of vegetation indices into a water balance model to
estimate evapotranspiration of wheat and corn. Hydrol. Earth Syst. Sci. 2011, 15, 1213-1225. [CrossRef]

Payero, J.; Tarkalson, D.; Irmak, S.; Davison, D.; Petersen, J. Effect of timing of a deficit-irrigation allocation on corn evapotranspi-
ration, yield, water use efficiency and dry mass. Agric. Water Manag. 2009, 96, 1387-1397. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.agwat.2014.03.006
https://doi.org/10.17707/AgricultForest.67.2.01
https://doi.org/10.1017/S0021859617000557
https://doi.org/10.5194/hess-15-1213-2011
https://doi.org/10.1016/j.agwat.2009.03.022

	Introduction 
	Materials and Methods 
	Study Location and Its Pedo-Climatic Characteristics 
	Experimental Design and On-Field Measurements 
	Remote Sensing Data and the Dual Crop Coefficient Approach 
	Basal Crop Coefficient (Kcb A&P) Calculation Based On-Ground LAI Observations—Allen & Pereira Approach (A&P) 
	SIMDualKc Model for Estimating Basal Crop Coefficient (Kcb SD) Using the Dual Crop Coefficient Approach (SD) 
	Basal Crop Coefficient Derived from Remote Sensing Data (Kcb VI)—Vegetation Indices Approach (VI) 
	Actual Basal Crop Coefficient (Kcb act), Crop Coefficient (Kc), and Actual Crop Evapotranspiration (ETc act) Estimation 
	Statistical Analysis 

	Results and Discussion 
	Agroclimatic Conditions through the Crop Seasons 
	Leaf Area Index (LAI) and Maize Grain Yield through the Crop Seasons 
	Estimation of Basal Crop Coefficient with the SIMDualKc (Kcb SD) Model 
	Estimation of Basal Crop Coefficient with Vegetation Indices Approach (Kcb VI) 
	Dynamics of (Actual) Basal Crop Coefficients (Kcb act and Kcb), Crop Coefficients (Kc act and Kc), and Soil Evaporation Coefficient (Ke) over the Seasons 
	Estimating Actual Evapotranspiration (ETc act) for Maize 

	Conclusions 
	References

