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Abstract: Simulation models are used to estimate, forecast, optimize and identify limiting factors and
analyze changes in crop production. In order to obtain a functional and reliable mathematical model,
it is necessary to know the source of uncertainty and identify the most influential parameters. This
study aimed to carry out an uncertainty analysis (UA) and a global spatiotemporal sensitivity analysis
(SA) for the parameters of the SIMPLE model, which uses 13 parameters, has two state variables and
uses daily weather data to simulate crop growth and development. A Monte Carlo simulation was
performed for the UA, and Sobol’s method was used for the SA. Four automatic weather stations
representing the climatic conditions of the different bean-producing areas in Zacatecas, Mexico, and a
four-year historical series of each station for irrigated and rainfed common bean crops were analyzed.
From the UA the coefficients of variation (CV) for thermal time were 11.49% and 11.47%, for biomass
the CV were 47.94% and 37.80% and for yield the CV were 49.52% and 39.70% for irrigated and
rainfed beans, respectively. From the SA, the most influential parameters for irrigated beans were
Tsum > Swater > Tbase > I50A > Topt and for rainfed beans, Tsum > Tbase > I50A > Topt > Swater,
according to indices calculated on biomass and thermal time. In conclusion, UA was able to accurately
quantify the uncertainty of the biomass, and SA allowed the identification of the most influential of
the parameters of the SIMPLE model applied to a common bean crop.

Keywords: dynamic model; simulation; Sobol’s method; common bean (Phaseolus vulgaris L.)

1. Introduction

In Mexico, common beans (Phaseolus vulgaris L.) are considered a priority in national
food security and are a staple in the population’s diet due to their high protein content [1].
Per capita consumption is 10.2 kg [2]. The state of Zacatecas is the main bean producer
in Mexico, where an annual area of 603,000 ha is planted with a production of 330,000 t
from 25,000 irrigated ha and 578,000 rainfed ha. Yields are, on average, between 1.12
and 2.35 tha~! and between 0.22 and 0.69 t ha~! for beans under irrigated and rainfed
conditions, respectively [3].

The spatial and temporal variability of precipitation, climatic conditions and different
crop management systems (e.g., irrigation, fertilization and cultural tasks) require tools that
integrate all the components (crop, climate, management, soil, etc.) of production systems
to make them more efficient. Crop production can be simulated with mathematical growth
and development models, thus estimating potential, attainable and actual production [4,5].
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Simulation models are used to estimate production, forecast grain availability at a
regional scale, identify production limiting factors and analyze changes in crop manage-
ment [6]. Likewise, optimal planting dates and densities can be established for each climatic
condition where a crop is intended to be grown [7]. In order to obtain a functional and
reliable mathematical model, it is important to carry out the general systems modeling
procedure proposed in dynamical systems theory [8-10]. This includes the calibration and
evaluation stages, where it is necessary to know the source of uncertainty and to identify
the most relevant parameters in the system’s behavior.

The UA and SA allow the source of uncertainty and the sensitivity of the parameters
of a mathematical model, input variables, initial conditions and mathematical structure to
be found [11]. An SA is used to quantify the weight of the input—output relationships of
mathematical models, while a UA is used to assess the propagation of uncertainty of the
inputs on the model outputs [12].

Descriptive statistics of the output variables, obtained by Monte Carlo (MC) simulation,
are normally used for UA. Some authors have used UA to identify climate effects on crops
in models: STICS [13], WOFOST [14], CROPSYST [15], DSSAT-CERES [16], AquaCrop [17],
and Web InfoCrop [18].

For the SA of the parameters, different alternatives have been used, such as (1) the
correlation coefficient (CC) method in the SALUS module of the DSSAT model [19], (2) the
standardized regression coefficient (SRC) method in the ORYZA model [20], (3) the Morris
or elementary effects (EE) method in the CERES-DSSAT model [21] and AquaCrop [22],
(4) the variance-based method in the CERES-DSSAT [21] and APSIM models [23] and
(5) the Fourier amplitude sensitivity test (FAST) method in the APSIM [23] and AquaCrop
models [17]; all of the above have been used to identify the sensitivity of the parameters. UA
and SA should be carried out jointly and with a sufficiently large spatially and temporally
distributed data series [24].

The SIMPLE crop growth and development model is a generic tool that has been
calibrated and evaluated for 14 crops [25]. The SIMPLE model has been used to estimate
the potential yield for wheat in vertical farms [26], and it has also been adapted to simulate
oilseed flax yield in China [27]. This model was developed for regional use and employs
only 13 parameters. To our knowledge, neither a UA nor an SA has been reported for this
model applied to a common bean (Phaseolus vulgaris L.) crop. Therefore, the objectives
of this study were: (1) to carry out a spatiotemporal uncertainty analysis of the SIMPLE
model parameters and (2) to perform a global sensitivity analysis for the SIMPLE model
parameters with Sobol’s method based on the calculation of variance for bean crops under
irrigated and rainfed conditions.

2. Materials and Methods
2.1. Data Collection

Daily weather data on maximum temperature (Tmax, °C), minimum temperature
(Tmin, °C), solar radiation (Rs, Wm’z), precipitation (Pp, mm) and reference evapotranspi-
ration (ETo, mm) were obtained from four Adcon® automatic weather stations belonging
to the Zacatecas Experimental Field (CEZAC) of the National Institute for Forestry, Agri-
culture and Livestock Research (INIFAP). The stations are located in the bean-producing
areas of the state of Zacatecas as follows: (1) CEZAC (—102.659° W, 22.909° N) located in
Calera de Victor Rosales (CEZAC), (2) Gonzales Ortega (—103.452° W, 23.903° N) located
in Fresnillo (GONOR), (3) Colonia Emancipacion (—103.036° W, 23.217° N) located in
Rio Grande (EMAN) and (4) El Alpino (—102.289° W, 22.517° N) located in Ojocaliente
(ALPINO) [28]. The stations used represent the climatic conditions of each rural develop-
ment district (RDD). The four RDDs are home to more than 98% of bean planted area and
production [3]. For each of the stations, data from four years (2005, 2010, 2015 and 2020)
were analyzed. For each year and per station, a UA and SA were carried out for irrigated
and rainfed bean crops, generating a total of 32 scenarios. For the irrigated simulations,
an irrigation schedule, which was calculated by means of a climatic water balance, was
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used as an input variable for the model. The irrigated bean crop in Zacatecas is planted in
the first half of April, after the winter frosts, while rainfed beans are planted between 10
and 15 July [29]. Cid et al. [30] note that planting is carried out in June and July when the
first rainfall occurs. For this reason, the simulations began on 15 April and 1 July for the
irrigated and rainfed scenarios, respectively. The nominal values of the SIMPLE model’s
13 parameters were obtained from the available literature for common beans.

Irrigation scheduling was performed using the methodology of the “System to pro-
gram and schedule the irrigation of crops in real time” [31], based on the soil water balance
equation. The soil water content on a particular day (f;, mm) was estimated based on the
water content of the previous day (6;_1).

0; =0;_ 1+ R; + Pe; — ETc; 1

where R; is irrigation (mm), Pe; is effective precipitation (mm), ETc; is evapotranspiration
of the crop (mm day ).

The water balance was started on 15 April for the years 2005, 2010, 2015 and 2020.
The soil was brought to field capacity, considering a medium texture with 0.15 and
0.30 (mm3 mm~3) for permanent wilting point (Wyp) and field capacity (Wrc), respec-
tively, and a root depth (Z) of 600 mm. When the accumulated ETc was equal to or greater
than 40% of the maximum allowable abatement of available moisture in the soil (FAM),
that is, the critical point (W, mm> mm~3) (Equation (2)) was reached, then the net irrigation
sheet (Ln, mm) (Equation (3)) was applied.

FAM
We = Wre — W(WFC —Wwp ) )
Ln = (Wpc — W, )-Z 3)

where Ln is the net sheet (mm), applied every time 40% of usable water was abated.
To estimate ETc (Equation (4)), the crop coefficient (Kc) for beans was estimated with
Equation (5) [31]
ETc = Kc - ETo 4)

Kc = —3.4829x% + 4.5973x2 — 0.8725x + 0.3786 (5)

where ETo is reference evapotranspiration estimated by the Penman-Monteith method [32],
x € [0,1] is the fraction of the vegetative cycle calculated with thermal time, where zero
value means planting and one is the physiological maturity of the crop.

2.2. SIMPLE Crop Growth Model

The SIMPLE dynamic model, in discrete time, proposed by Zhao et al. [25], simulates
crop growth, development and yield using a daily time step. The model is based on
radiation interception and considers the effect of daily temperature, heat stress, water
availability (rain and irrigation) and atmospheric CO, [25]. Thermal time (TTi, °C d~!) and
dry biomass production (Bio, t ha~?!) are the state variables, while grain yield (Y in t ha™!)
is considered as an output variable. The SIMPLE model requires 13 parameters (Table 1).
The difference equations for the state variables of the SIMPLE model are described below;
the auxiliary equations are described extensively in Zhao et al. [25].
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The SIMPLE model uses accumulated temperature to determine phenological devel-
opment and is calculated as follows:

TTiy = TT, + TT ®)
_ T— Tbase; T > Tbuse
ATT = { 0 ST < Ty, (7)

where TT; (°C) is thermal time or accumulated mean temperature for the i-th day and ATT
is the daily increase in temperature. T (°C) is the daily mean temperature and Ty, (°C) is
the base temperature for phenological development and crop growth.

Biomass growth is based on the concept of radiation use efficiency [33], which assumes
that a fraction of the daily photosynthetically active radiation is intercepted by the plant
canopy and translated into crop biomass.

Bi0i+1 = BiOi + Bio (8)

ABio = Rs fSolar RUE f(CO,) f(Temp)min[f(Heat), f(Water)] )

where ABio is the daily crop biomass increase (t ha day_l), and Bio;,q is the biomass
accumulated until physiological maturity (t ha=!). fSolar is the fraction of solar radiation
intercepted by a crop canopy, and RUE is the radiation use efficiency. f(heat), f(CO,),
f(Temp) and f(water) are heat stress, CO,, impact, temperature impact and drought stress
on biomass growth, respectively.

On the other hand, grain yield (Y) is calculated as the product of the total accumulated
biomass (Bio — cummyatyyiry) and the harvest index (HI) [34]. The model simulates achievable
water-limited yield and calculates water stress based on available soil water and reference
evapotranspiration, using the standardized drought index (ARID) sub-model described
extensively by Woli et al. [35].

2.3. Uncertainty Analysis (UA)

The UA was performed using Monte Carlo simulation (MCS). This statistical technique
infers the operational characteristics of the system by substituting input values, parameters
or initial values. It is used in stochastic modeling and computational error propagation
analysis, with the aim of tracing the structure of the probability distributions of the output
variables of the model; these distributions are mapped by quantifying the deterministic re-
sults for a large number of unbiased random samples [36], from the individual distribution
function of the input factor and the model parameters [37]. MCS basically considers the fol-
lowing: (1) sampling of input random variables from probability density functions (PDFs),
(2) calculating the deterministic output for each sampled input value, and (3) determining
output distribution statistics (mean, variance, skewness, kurtosis) [38].

The SIMPLE model equations were solved iteratively. The simulation run was per-
formed with the input variables (Tmax, Tmin, Rg, Pp, CO,, irrigation and ETo) of each
scenario, while the parameter vectors 6 were selected with a Latin hypercube sampling
(LHS) of individually uniform probability density functions (PDFs). These were obtained
by applying 20% uncertainty for lower and upper bounds on the nominal values, avoiding
overlap of the cardinal temperatures (Table 1). A total of 5000 (N) simulations were per-
formed for each scenario, until the means and variances converged. Subsequently, for the
simulated variables, the final value for the N simulations was obtained and the following
statistics were calculated: mean, standard deviation, coefficient of variation, skewness
and kurtosis.
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Table 1. Nominal values of the parameters used in the SIMPLE model for the Pinto Saltillo bean

variety crop.

Parameter Description Units Min Max Source
Teum Accumulated temperatgre from planting °C day 960 1440 [39]
to maturity
HI Harvest index - 0.288 0.432 [39]
Accumulated temperature required for
I50A leaf area development to intercept 50% °C day 360 540 [25]
of radiation
Accumulated temperature to maturity to
150B reach 50% radiation interception due to °C day 160 240 -
leaf senescence
Thase Baseline temperature for phenology oC 6.4 96 [39]
development and growth
Optimum temperature for o
Topt biomass growth C 2 32 [39]
RUE Radiation use efficiency '(abf)ve ground ¢ M1 m~2 2568 3850 [40]
only and no respiration)
150maxH Maximum daily reduction in Isop due to °C day 7 108 [25]
heat stress
I50maxW Maximum daily reduction in Isgp due to °C day 16 o1 [25]
drought stress
Tmax Threshpld temperature to start oC 301 0 [41]
accelerating heat stress senescence
Extreme temperature threshold when o
Text RUE becomes 0 due to heat stress c 421 525 23]
Relative increase in RUE per ppm of CO,
Scoy after 350 ppm ppm 0.056 0.084 [25]
Swater Sensitivity of RUE to drought stress - 0.72 1.08 [25]

°C day = growing degree days.

Finally, the statistics mean and standard deviation for the four stations of the four years
were averaged and grouped by station (spatial analysis) and by year (temporal analysis).

2.4. Global Sensitivity Analysis

Due to their reliability, variance-based sensitivity analysis (VBSA) methods use de-
composition of variance according to Sobol [42], who uses two sensitivity indices for each
input factor, the first order index and the total effects index. The latter includes the main
effect plus the interactions [43].

For this work, the objective of the SA was to determine the sensitivity of the
13 parameters on the TT, Bio and Y variables. Therefore, independent matrices A and
B (10) with dimensions (N, k) were generated by means of a sampling and an LHS resam-
pling of the PDFs generated in the UA for each parameter, respectively.

£ g g
. 91 02 63 . Gk B— 61 92 93 . Gk (10)

N N N N 2N 2N 2N 2N
o) N gN) o) oEN) g N gaN)

where N = 5000 simulations and 6 are from 1 to the k-th parameter (k = 13). Subsequently,
the C; matrices formed by all the columns of B except the k-th column, which is taken from
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A, and D; formed by all the columns of A except the k-th column, which is taken from B,
were generated.

o) N+ gNH) L (N oD gl gD L gD
2 N+2 Nt2 Nt2 Nt2 2 2 2

C = 95) 9§+) 9§+) 9’(<+) D; = 9§+) Gé) 9§> 9;() (11)
QEN) 9§2N) G:E’ZN) o GJEZN) 9§N+N) GEN) GéN) o GIEN)

Subsequently, the area under the curve of the model’s variables (TT, Bio and Y) was
calculated, changing the vector of 6 of the matrices A, B, C; and D;, from which the
following was derived

ya = f(A), ys = f(B), ye, = f(Ci), yp, = f(Dj) (12)
where y4, Y, yc,, Yp, are the model’s vector output, f(A — D;) are the evaluation of model
using the parameter matrixes (A, B, C; and D;).

Finally, the first order S; and total effect St; indices were calculated as follows
— » Z + ZN ), () 7]?2
VIENIXi) _Vi—fs _ 1yA yc j 1yB Yp, 0
VYY) V-2 A
Jo z}ijN—l((yﬁi)) + (i) )—fo2

where V(E(Y|X;)) is the variance of the i-th factor, V(Y') represents the total variance and
fo is the mean expressed as follows

Si = (13)

N 2
B (d +)) a9

For St; an estimator proposed by Jansen [44] and Saltelli et al. [45] was used in
Equation (15)

R (v - y(é))
o () () - () (v

The first order S; and total effect St; indices were estimated for the four stations and
grouped by station (spatial analysis) and by year (temporal analysis).

The model and the UA and SA methods, as well as the soil water balance to obtain
the irrigation schedule, were coded in MATLAB®. The 5000 simulations were determined
by a simulation-based convergence analysis with N values from 1500 to 10,000 when the
mean and variance of the variables stabilized. The nominal values used for the parameters
are shown in Table 1. In this study, those with values greater than 10 were considered
influential parameters.

(15)

Ti =

3. Results
3.1. Climatic Conditions

Precipitation was one of the climatic variables with the greatest variation at the four
stations, with minimum and maximum values of 268 mm and 838.4 mm in the 2005 and
2015 cycles, respectively, for the ALPINO station (Figure 1). Maximum temperatures were
recorded between April and June. The extreme average maximum temperature occurred at
the ALPINO station in May 2010 with 31.0 °C. Minimum temperatures were recorded in
December and January, with an average minimum value of —1.8 °C at the EMAN station
in December 2010. The maximum radiation was recorded at the GONOR station with
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34.4 (MJ m~2day~!) in May 2010. Finally, the maximum reference evapotranspiration of
7.2 mm occurred in May 2010 and April 2020 at the CEZAC station (Figure 1).
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Figure 1. Climatic conditions of the four stations for the years 2005, 2010, 2015 and 2020.

3.2. Uncertainty Analysis

Thermal time was statistically equal (p < 0.01) for the irrigated and rainfed conditions
with an overall average of 1204.8 & 0.47 °C day~!. Bio and Y were 29.4% higher for the
rainfed than irrigated condition. The averages for both management systems (irrigated and
rainfed) used at the stations with respect to the years were similar; however, the standard
deviation was higher in years with 56%, 39% and 38% for TT, Bio and Y, respectively; that
is, there was greater dispersion of data in space, indicating greater spatial variability.

In Bio for the irrigated condition, the range was from 11.96 to 22.33 t ha~!, whereas in
the rainfed condition it was from 6.90 to 34.11 t ha~!. For Y it was from 4.31 to 8.03 t ha~!
and 2.48 to 12.29 t ha~! for the irrigated and rainfed conditions, respectively. The high dis-
persion of the rainfed data for this variable can be mainly attributed to the low temperatures
recorded during the simulation, which caused an increase of up to 110 days compared to
the simulations for the irrigated condition. For the TT variable, the coefficients of variation
were the lowest at 11.49% and 11.47% for irrigated and rainfed beans, respectively. The
corresponding values for Y, in that same order, were the highest at 49.52% and 39.71%.
However, the average coefficient of variation of the three variables was 36.32% and 29.67%
for irrigated and rainfed beans, respectively (Figure 2).
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Figure 2. Averages (+ standard deviation) of the output variables, thermal time (A), biomass (B) and
yield (C) of irrigated and rainfed beans for the SIMPLE model in trials between weather stations and
between years in Zacatecas, Mexico.

The average kurtoses for TT, Bio and Y for irrigated beans were, respectively, 1.8 £ 0.001,
4.4 £+ 0.3 and 4.8 & 0.3, while for rainfed beans they were, respectively, 1.8 £ 0.001, 3.8 £ 0.2
and 4.2 £ 0.2. These values indicate that TT presents a higher concentration of the data
above the mean, and the lowest concentration above the mean is observed in Y. The average
kurtoses for years and stations are equal, which indicates a good robustness of the model to
spatial and temporal change in the input variables (Figure 3).
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Figure 3. Kurtosis (bars) and skewness (lines) of the output variables: (A) thermal time, (B) biomass
and (C) yield of the SIMPLE model in trials between weather stations and between bean production
years in Zacatecas, Mexico.

Skewness values close to zero and high variance values show that TT fits a uniform
distribution, for Bio and Y the overall averages were 0.9 and 1.0, respectively. According to
the observed values, the distributions of the output variable for stations and years have
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positive skewness; that is, they are skewed to the right (Figure 3). This implies that the
model’s output variables do not fit a normal distribution.

3.3. Sensitivity Analysis

The first order indices (S;) were 7.70%, 16.64% and 10.88% lower than the total effect
indices (St;) for TT, Bio and Y, respectively (Figures 4 and 5), indicating interaction between
parameters. S; and Sty were similar when averaged across stations and years for both bean
production systems; that is, the input variables for time and space had the same effect on
the parameters.

S water pAAAAAAAAEA—]

SCO2

RUE [228"
IS0maxW [PoRF= |
150maxH |

1508 M : @ Si Yield

1S0A [P, 7 Si Biomass

HI [ @ Si Thermal Time
0 10 20 30 40 50 60 70 80 90 100
Si [%]

Figure 4. First order sensitivity indices (+standard deviation) with Sobol’s method for the irrigated
bean crop for the variables predicted by the SIMPLE model; dashed line denotes a 10% threshold.

When averaging the indices by management system, it was observed that under the
irrigated condition, the most influential parameters for TT, Bio and Y were: Tsum, Swater,
Tbase, Topt and I50A in order of influence. The highest standard deviation was observed
in TT for the Tsum parameter with a maximum Sr; of 46.22 (CEZAC 2015) and a minimum
of 28.28 (EMAN 2020), and in the Swater parameter with 30.04 and 15.58 for EMAN 2005
and ALPINO 2015, respectively (Figures 4 and 5). For CEZAC 2015 the average simulation
was 121 days and for EMAN 2020 it was 108 days. On the other hand, for CEZAC 2015,
average Tmax and Tmin values of 25.69 and 11.53 °C were observed, and of 28.81 and 11.21
°C for EMAN, respectively. For EMAN 2005 and ALPINO 2015, during the simulation, the
effective precipitation values were 139.50 mm and 340.30 mm, respectively.

In the rainfed condition the most influential parameters were: Tsum, Tbase, I50A, Topt,
Swater and RUE (Figures 6 and 7). Parameter I50A was the most influential parameter,
Swater was less important and RUE was considered an influential parameter with respect
to irrigation. I50A presented a maximum Srt; of 29.4 (ALPINO 2010) and a minimum of
11.11 (GONOR 2005). The average simulations were 171.5 and 169.5 days for ALPINO 2010
and GONOR 2005, respectively; both scenarios presented a similar average temperature
during the simulation. However, at the ALPINO station in 2010, precipitation (Pp) of
219.6 mm, mean solar radiation (Rs) of 59.24 M] m~2 day ! and mean reference evapotran-
spiration (ETo) of 3.85 mm day ! were recorded. At the GONOR station in 2005 during
the simulation, a Pp of 570.4 mm, Rs of 65.77 MJ m—2 day’1 and an ETo of 4.95 mm day’l
were recorded.
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Figure 5. Total effect sensitivity indices (+standard deviation) with Sobol’s method for the irrigated
bean crop for the variables predicted by the SIMPLE model; dotted line denotes a threshold of 10%.
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Figure 6. First order sensitivity indices (£standard deviation) with Sobol’s method for the rainfed
bean crop for the variables predicted by the SIMPLE model; dashed line denotes 10% threshold.
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Figure 7. Total effect sensitivity indices (+standard deviation) with Sobol’s method for the irrigated
bean crop for the variables predicted by the SIMPLE model; dashed line denotes a 10% threshold.

For Swater, an St; range from 3.27 to 43.30 was observed at the CEZAC station in
2020 and 2010, respectively, suggesting that the temporal variation at this station affected
the influence of Swater on the model variables. At the CEZAC 2020 station, during the
simulation, the following values were recorded: Tmax = 24.13 °C, Tmin = 8.29 °C, Pp = 405
mm, Rs = 69.28 MJm 2 day’1 and Eto = 4.35 mm day’l. At this same station, but in 2010,
the values were: Tmax = 23.99 °C, Tmin = 7.68 °C, Pp = 214 mm, Rs = 70.61 MJ m2 day_1
and Eto = 4.54 mm day .

The RUE parameter is directly related to Rs. During the simulation, Rs in the irrigated
condition was 21.1% higher relative to the rainfed condition. In RUE, the maximum and
minimum St; were 12.73 (CEZAC 2020) and 5.74 (CEZAC 2010), respectively. The CEZAC
station in 2020 exceeded the precipitation of the station’s 2010 amount by 47.16% and its
Tmin by 7.37%, but it was lower by 1.9% and 4.48% for Rs and ETo, respectively. In addition,
at CEZAC in 2010 the simulation was 271 days and 258 days in 2020 with a Tsum of 1440
°C day!; this difference of 35 simulation days is attributable to the Tmin of 2.05 and —0.72
°C at CEZAC 2010 for November and December, respectively. However, the influence of
RUE is related to the variation in Rs of those last 35 days of simulation where CEZAC in
2010 was 11.67% higher than CEZAC in 2020.

4. Discussion
4.1. Climatic Conditions

The climate of the four study regions is dry and semi-dry [46], classified as cold
semi-arid (Bsk) according to Koppen as modified by Garcia [47], with average annual
precipitation of 400 mm that occurs mainly in the summer and early fall. However, pre-
cipitation shows considerable temporal and spatial variability, which affects agricultural
production, mainly of the rainfed system [48,49], and induces a reduction in bean produc-
tion in the temperate semi-arid highlands of north-central Mexico [50]. On the other hand,
the minimum temperature in October and November in most scenarios was lower than the
Tbase (8 °C) for beans [43]. The latter has a greater effect on rainfed simulations for Tsum
greater than 1200 °C d~!; Tbase is of great importance for the calculation of TT [51] and
influences plant processes and development [52].
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4.2. Uncertainty Analysis

The final value of the simulation in the output variable reliably describes the output
response of the dynamic models used by Guo et al. [25] and can be used to compare the
simulation in irrigated and rainfed conditions. Tigkas et al. [53] point out that drought has
significant effects on the agricultural sector. That is, agricultural production is sensitive to
the spatial and temporal distribution of precipitation [54]. On the other hand, the simulated
yields in the irrigated scenarios are within those reported by Kader et al. [55], of 4.0 and
6.0 tha™!, whereas Baez-Gonzalez et al. [43] report yields of 1.8 t ha~! under rainfed
conditions for common bean cv “Pinto Saltillo;” however, the SIMPLE model overestimates
yields, attributable to the low temperatures during the simulation and the uncertainty
applied to the Tsum parameter, which generates long crop cycles, even outside the limit of
the onset of frost in the region. In addition, Acosta-Gallegos and White [56] and Yan and
Wallace [57] state that temperature and photoperiod modify the growth and development
stages of the bean crop. For these reasons, special care should be taken with the Tsum
parameter, and equations representing the effect of the photoperiod on bean yield should
be incorporated into the model structure.

According to the coefficient of variation, the variable least sensitive to the 10% un-
certainty of the parameters was TT, while Bio was the most sensitive. CV values < 30%
mean a low dispersion of the data over the mean of the output variables; that is, it tends
to homogeneity. The SIMPLE model can be reliable and robust by reducing the uncer-
tainty of the most influential parameters to represent biomass production in Zacatecas.
Martinez-Ruiz et al. [58] carried out an SA of the HORTSYST model and reported that
by decreasing the uncertainty of the parameters, lower coefficient of variation values
are observed.

The kurtosis and skewness values show a concentration of the data to the left; that
is, low values are more frequent and show a positive bias for Bio and Y. Moreover, the
results show the possibility of rejecting the assumption of normality [59,60]. However,
Harri et al. [61] point out that crop yields can be fitted to different distributions (beta,
gamma, hyperbolic tangent function transformation, logistic, lognormal and Weibull) and
not necessarily to a normal distribution.

The results from the UA are a starting point to explore other limits or other probability
density functions for the parameters, considering the physical and biological boundaries,
due to the stochastic nature of processes involved in growth and crop development. Overall
uncertainty analysis results increase the reliability of the SIMPLE model applied to common
beans grown in semi-arid lands (Figures 2 and 3).

4.3. Sensitivity Analysis

Several authors agree that the interaction of the parameters exerts influence on the
variables predicted by a mathematical model [21,58]. Therefore, the total effect indices are
the values indicated to determine the influence of the parameters on the model outputs.
This result supports the findings of Krishnan et al. [18], who studied the influence of the
parameters in the InfoCrop model under contrasting conditions and found no evidence that
agro-climatic conditions and year had an influence on the ranking of candidate parameters
for calibration. In this study, soil water availability related to management strongly affected
the ranking of the most influential parameters of the SIMPLE model.

The Tsum parameter is related to the length of the growth period, and for the SIMPLE
model it determines the end of the simulation. This variable has a great influence on thermal
time (TT), biomass (Bio) and yield (Y). However, in contrast to the above, Ratjen et al. [62]
state that thermal time cannot fully capture the allometric relationship between leaf area
index and the biomass of maize and wheat. TT measures the time of phenological stage
change and is highly dependent on temperature. The uniform distribution of TT in this
study reflects the distribution applied in Tsum. For this reason, great care should be taken in
selecting the uncertainty and distribution used in the model parameters to avoid erroneous
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inferences on their influence. Jin et al. [63] note that flat distributions indicate that the
model parameters that generate them are uncertain.

Tbase is of great importance in the calculation of TT [51]. Barrio-Gomez et al. [64]
note that the optimal Tbase for the different bean varieties planted in Mexico is from 8.2 to
8.4 °C. It is observed that on 1 June (start of simulation for the rainfed condition), Tmax
and Tmin begin to decrease and Tbase has a greater influence on the simulation of bean
growth and development with the SIMPLE model and has greater importance with respect
to irrigation (15 April, start of simulation).

On the other hand, the Swater parameter relates to water availability and its effect
on biomass production [25]. Beebe et al. [65] note that the irrigation sheet (Lr) for bean
production is from 300 to 500 mm. This indicates that sheets close to these values would
have lower Swater St; values. However, at the EMAN station in 2005, maximum values
of 427.2 mm and 139.5 mm were recorded, and at the ALPINO station in 2015, 202.3 and
340.3 mm of Lr and Pe, respectively, were recorded. Effective precipitation has a greater
influence on the Swater parameter than that of water stored in the soil (Lr plus Pe). Pp is
the input variable with the greatest effect on Swater due to its stochastic distribution in time
and space. Precipitation is the climatic variable with the greatest spatiotemporal uncertainty
in spring-summer for arid and semi-arid climates. The most important variations were for
irrigated (spring) and rainfed (summer) conditions, which influenced the indices. However,
there was no wide variation in parameters observed with respect to the spatial analysis
(stations) and temporal analysis (years), so the SIMPLE model is very robust for simulating
irrigated and rainfed beans in Zacatecas. For rainfed beans, August precipitation has the
greatest effect on the influence of Swater on Bio and Y. Osuna-Ceja et al. [66] point out that
the amount and distribution of precipitation affects the yield of “Pinto Saltillo” beans under
semi-arid conditions in northern Mexico. On the other hand, Padilla et al. [67] state that the
accumulated precipitation during the reproductive stage is a determining factor for bean
yield under rainfed conditions; the month of August coincides with this stage, where the
crop is more sensitive to water stress [68,69]. For the SIMPLE model, being a model based
on radiation interception, 150 A was expected to be an influential parameter for irrigated
and rainfed bean cultivation as it defines the radiation interception curve from planting
to physiological maturity [25]. Furthermore, photosynthetically active radiation is highly
associated with biomass production [70]. For the rainfed condition, radiation was lower, so
the RUE parameter takes on importance.

The global sensitivity analysis carried out (Figures 4-7) allows determination of the
most influential parameters of the SIMPLE model; therefore, the parameters Tsum, Swater,
Tbase, 150 A and Topt need to be estimated by carrying out a model calibration to apply
the SIMPLE model in or as a decision support system.

5. Conclusions

The uncertainties of the output variables are related to precipitation, which greatly
influenced the SIMPLE model simulation, followed by temperature and solar radiation.
It is advisable to perform an uncertainty analysis of the input variables to make a better
inference about the sources of uncertainty and model performance. Moreover, to improve
the robustness and quality of the prediction for both irrigated and rainfed beans, it is
necessary to pay special attention to the Tsum parameter. Therefore, it is suggested to
apply a small uncertainty (>10%) or to use a normal distribution when calibrating the
parameters. On the other hand, it is necessary to obtain the intersection curve to find, from
the experimental data, the parameters 150 A and 150 B for each variety.

According to the global sensitivity analysis, the SIMPLE crop model with climatic
data from Zacatecas in spring (irrigated condition) suggests five influential parameters.
Tsum is the index that most affects the system for the simulation of thermal time, biomass
and yield, and Swater is the most important in the irrigated condition, followed by I50A,
then Tbase and Topt. For winter (rainfed condition) it is important to consider RUE, giving
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a total of six more influential parameters to represent the climatic conditions of the four
bean-producing regions of Zacatecas.
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