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Abstract 
Wheat (Triticum aestivum L.) production is a major economic activity in most 
regional and rural areas in the Southern Plains, a semi-arid region of the 
United States. This region is vulnerable to drought and is projected to experi-
ence a drier climate in the future. Since the interannual variability in climate 
in this region is linked to an ocean-atmospheric phenomenon, called El Niño-
Southern Oscillation (ENSO), droughts in this region may be associated with 
ENSO. Droughts that occur during the critical growth phases of wheat can be 
extremely costly. However, the losses due to an impending drought can be 
minimized through mitigation measures if it is predicted in advance. Predict-
ing the yield loss from an imminent drought is crucial for stakeholders. One 
of the reliable ways for such prediction is using a plant physiology-based agri-
cultural drought index, such as Agricultural Reference Index for Drought 
(ARID). This study developed ENSO phase-specific, ARID-based models for 
predicting the drought-induced yield loss for winter wheat in this region by 
accounting for its phenological phase-specific sensitivity to drought. The rea-
sonable values of the drought sensitivity coefficients of the yield model for 
each ENSO phase (El Niño, La Niña, or Neutral) indicated that the yield mod-
els reflected reasonably well the phenomena of water stress decreasing the 
winter wheat yields in this region during different ENSO phases. The values 
of various goodness-of-fit measures used, including the Nash-Sutcliffe Index 
(0.54 to 0.67), the Willmott Index (0.82 to 0.89), and the percentage error (20 
to 26), indicated that the yield models performed fairly well at predicting the 
ENSO phase-specific loss of wheat yields from drought. This yield model may 
be useful for predicting yield loss from drought and scheduling irrigation al-
location based on the phenological phase-specific sensitivity to drought as 
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impacted by ENSO. 
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1. Introduction 

The semi-arid region encompassing eastern New Mexico and northwestern Texas, 
commonly known as Llano Estacado [1], is situated in the Southern Plains ecore-
gion of the United States [1]. This region is vulnerable to both frequent and flash 
droughts, which may occur during any time of the year. When the shortage of 
precipitation is combined with high temperatures, drought can develop quickly. 
This region is expected to experience a drier climate in the future because of global 
warming [2]. The elevated temperatures in this region will lead to a greater poten-
tial for more intense droughts [3]-[5] and a longer dry period between two rain 
events [6]. Due to global warming, food and forage production in this region is 
expected to decline not only through the increased frequency and duration of 
drought but also through the increased levels of soil moisture evaporation, crop 
stress, and water demand caused by elevated temperatures [7]. As temperatures 
rise beyond their preferred heat tolerance levels, many commodity crops are ex-
pected to experience yield declines even with irrigation. Milder winters and pre-
cipitation shifts caused by global warming will possibly escalate the incidence of 
pests and diseases for crops and livestock, whereas extreme heat is likely to reduce 
livestock productivity [7]. This region, especially the heavily irrigated areas which 
have already been plagued by unsustainable water use, will experience further 
stresses on water supply due to continued urbanization [8].  

In most rural and regional areas of this region, wheat (Triticum aestivum L.) 
production is one of the predominant economic activities [9]. The majority of 
wheat growers across the region depend on rain for their crops. Droughts, espe-
cially the ones that occur during the critical phenological phases of wheat, can be 
very costly.  

The losses due to an impending drought can be minimized through appropriate 
mitigation measures if it is predicted in advance [10] [11]. Predicting yield loss 
from an imminent drought is an important need of stakeholders. The ability to 
predict yield loss can help them with decisions regarding applying appropriate 
mitigation measures. The drought-induced yield losses may be predicted using 
various models that are based on techniques such as linear regressions, artificial 
neural network, fuzzy-logic inference system, random forest, time series analysis, 
remote sensing-based vegetation indices, and drought indices [10]-[12]. Relative 
to other methods, the drought indices are simpler, usually represented by a num-
ber; yet they provide a comprehensible big picture on drought conditions by 
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integrating all relevant information into that number. 
Several drought indices are available for monitoring or predicting an agricul-

tural drought, a temporary condition where the amount of plant available water 
in the soil due to precipitation falls short of the consumptive demand of crops [10] 
[11] [13]. However, only a plant physiology-based drought index can predict the 
yield loss due to drought more accurately, as yield formation is a plant physiolog-
ical process [13]. One of such few indices is the Agricultural Reference Index for 
Drought (ARID), which can characterize an agricultural drought better than can 
many similar indices [13] [14]. The ARID is computed on a daily basis as the ratio 
of plant water deficit to plant water need, and its values range from 0 (no water 
stress) to 1 (full water stress). 

Considering that a crop yield model that takes into account a series of pheno-
logical phases during the crop growing season could better reflect the effect of 
water stress on yield, [15] developed Equation (1) for estimating the water-
stressed yield relative to the non-water-stressed yield, hereafter referred to as the 
relative yield ( Y ), and, eventually, the fraction of yield loss due to drought (1 − 
Y ) for a determinate, flowering crop using the phenological phase-specific values 
of ARID. 

 ( )
1

1 ARID ,p
P

p
p

Y λ

=

= −∏  (1) 

where Y  is the relative yield of a crop, the symbol Π indicates a product, “p” is 
a phenological phase, “P” is the total number of phases considered during the crop 
season, and λp is the relative sensitivity of the crop to drought stress during the p-
th phenological phase.  

One of the crucial factors defining an agroecosystem’s productivity is weather, 
and that defining a region’s interannual variability in crop production is climate. 
In the southeastern United States, the yearly fluctuation of climate has been linked 
to an ocean-atmosphere phenomenon occurring across the equatorial Pacific 
Ocean, known as the El Niño-Southern Oscillation (ENSO) [16] [17]. The ENSO 
phenomenon has significantly affected crop production in this region [18]. 
Thanks to the strong connection between weather patterns in this region and 
ENSO, an ENSO phase may be successfully forecast up to a year in advance [19]. 
The ENSO-based forecast of weather conditions may reduce climate uncertainty 
for improved crop production.  

In the Llano Estacado region, [20] as well as [21] found a strong association 
between winter wheat yields and ENSO. By estimating the λp values (Equation (1)) 
for various phenological phases of winter wheat, [22] developed the relative yield 
model for this crop for the Llano Estacado region. However, as the model is ge-
neric in terms of reflecting the climate variability effects, it does not represent the 
ENSO phase (El Niño, La Niña, and Neutral)-specific relationships between 
drought and wheat yields. In the southeastern United States, the El Niño years are 
generally wetter than usual during fall through spring [23]-[25] and the La Niña 
years tend to be wetter during summer and drier during winter and spring [26]. 
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Because the weather patterns during different times of the year or different phe-
nological phases of wheat are different under different phases of ENSO, the ENSO 
phase-specific yield model might represent the drought-yield relationship better 
than the generic yield model. 

This study developed ENSO phase-specific, ARID-based yield models to pre-
dict the drought-induced yield loss for winter wheat in the Llano Estacado region 
of the southern United States. Specifically, the study estimated the phenological 
phase-specific drought sensitivity coefficients for various phenological phases of 
winter wheat to be used in the ENSO phase-specific relative yield models (Equa-
tion (2)). 

 ( ) ,
,

1
  1 ARID ,i p

P

i i p
p

Y λ

=

= −∏  (2) 

where  iY  is the ENSO phase-specific relative yield of winter wheat; the sub-
scripts i and p stand for the i-th ENSO phase and the p-th phenological phase, 
respectively; P is the total number of phenological phases considered during the 
wheat season; and ,i pλ  is the relative sensitivity of winter wheat to drought stress 
during the p-th phenological phase under the i-th ENSO phase. 

2. Materials and Methods 

This study is a sequel to a previous study [22] that developed a generic yield model 
for winter wheat for the Ilano Estacado region with no regard to the ENSO phase. 
This sequel study developed ENSO phase-specific yield models for the same re-
gion by using the same data and procedures used by [22] and then splitting the 
data by the ENSO phase. The materials and methods used in [22] are summarized 
in Section 2.1 below. 

2.1. Computing Phenological Phasic Values of ARID 

Considering the availability of both irrigated and unirrigated yield data of winter 
wheat, Bushland, TX and Clovis, NM were selected as the representative locations 
for the Llano Estacado region. Then, their winter wheat yield data generated 
through variety trials conducted in multiple years (Table 1) under both irrigated 
and dryland conditions were obtained. The yields of all the winter wheat varieties 
used in the trials at each location in each year under each farming regimen (dry-
land or irrigated) were averaged to calculate the dryland and irrigated yields of a 
general winter wheat variety for these locations and years. Then, the relative yield 
of winter wheat for the corresponding location and year was calculated as the ratio 
of the dryland yield to the irrigated yield. The intent of using the relative yield was 
to reflect the effect of water only, while eliminating the effects of the other inputs 
involved, as both dryland and irrigated crops involved in each experiment had 
received the same amounts of other inputs, except the water. 

Considering the availability of phase duration data and the approach used by 
[27], five phenological phases were included in this study: 1) planting-emergence 
(PE); 2) emergence-tillering (ET); 3) tillering-booting (TB); 4) booting-anthesis 
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(BA); and 5) anthesis-maturity (AM). Due to the lack of corresponding planting 
date data, representative planting dates from the literature were used (Bushland: 
21 October, Clovis: 15 October). The duration of each phenological phase needed 
for splitting a growing season into several phases was estimated using the total 
thermal time (TTT; ˚C d) needed for each phase under dryland conditions (Table 
2) [28]-[32]. Once the planting date for each location and the duration for each 
phase in each year at each location were estimated, each wheat growing season at 
each location was split into the five phenological phases described above. 

 
Table 1. Years for which both dryland and irrigated winter wheat yield data were available at two locations in the 
Llano Estacado region of the southern USA under each ENSO phase. 

ENSO Phase Location Seasons Years 

El Niño Bushland, TX 14 
1958, 1964, 1966, 1970, 1973, 1977, 1987, 1988, 1992, 1998, 2007, 2010, 
2016, 2019 

 Clovis, NM 14 
1964, 1970, 1973, 1977, 1983, 1987, 1988, 1992, 1998, 2007, 2010, 2015, 
2016, 2019 

La Niña Bushland, TX 9 1968, 1972, 1975, 1999, 2000, 2008, 2011, 2018, 2021 

 Clovis, NM 11 1968, 1971, 1972, 1975, 1976, 1989, 1999, 2000, 2008, 2011, 2018 

Neutral Bushland, TX 26 
1947, 1953, 1954, 1959, 1960, 1962, 1979, 1980-1982, 1985, 1986, 1990, 
1991, 1994-1997, 2001, 2002, 2004, 2006, 2009, 2012, 2017, 2020 

 Clovis, NM 22 
1962, 1963, 1969, 1978-1982, 1984-1986, 1990, 1991, 1993-1997, 2001, 
2005, 2006, 2017 

 
Table 2. The total thermal time (TTT) needed to complete each phenological phase of win-
ter wheat under dryland farming conditions in the Llano Estacado region of the southern 
USA. 

Phenological phase (p) TTT (˚C d) 

Planting-emergence (p = 1) 150 

Emergence-tillering (p = 2) 200 

Tillering-booting (p = 3) 1152 

Booting-anthesis (p = 4) 261 

Anthesis-maturity (p = 5) 640 

 
For each location, the daily values of ARID for each wheat growing season that 

had yield data were computed from the daily weather data, using the ARID equa-
tions described by [13] and the computational procedure (MATLAB program) 
provided by [10]. Once the daily values of ARID were computed for each year at 
each location, they were averaged by the phenological phase. The phasic values of 
ARID were then converted into the corresponding phasic values of “1 − ARID” as 
the yield model (Equation (1)) needs the latter. 

2.2. Classifying ENSO Years 

For developing the ENSO phase-specific yield models, the years for which yield 
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data were available (Table 1) were assigned to a specific ENSO phase as catego-
rized by the Japan Meteorological Agency (JMA) index [33]-[36]. The JMA index 
is a 5-month moving average of the sea surface temperature anomalies over the 
Equatorial Pacific (4˚S - 4˚N, 150˚W - 90˚W). An ENSO year, which starts from 
October through the following September, is categorized as El Niño, La Niña, or 
Neutral if the index values are ≥0.5˚C, ≤−0.5˚C, or between −0.5˚C and 0.5˚C, 
respectively, for 6 consecutive months, including October, November, and De-
cember [34] [36]. For ENSO characterization, the JMA index was used as it selects 
the ENSO events better than other similar indices [36]. According to this index, 
the total number of years for which the yield data were available in the Llano Es-
tacado region (Bushland plus Clovis) under the El Niño, La Niña, and Neutral 
phases of ENSO were 28, 20, and 48, respectively (Table 1). 

2.3. Developing the ENSO Phase-Specific Yield Models 

Once the relative yield values of wheat and the phenological phasic values of (1 − 
ARID) were calculated for each year in each location under each ENSO phase, a 
matrix of dataset comprising 28 rows (years) and six columns was prepared for El 
Niño, that comprising 20 rows and six columns for La Niña, and that comprising 
48 rows and six columns for the Neutral phase. The first column in the matrix 
contained the relative yields (dependent variable), and the remaining columns 
contained the corresponding phenological phasic values of (1 − ARID) for the five 
phases (independent variables).  

For developing the ENSO phase-specific yield models, estimating the drought-
sensitivity coefficient for winter wheat during the phenological phase p, denoted 
as λp, for each ENSO phase would be necessary. This would require regressing the 
linearized form (Equation (3)) of the ENSO phase-specific yield model (Equation 
(2)). Accordingly, all the values in the matrix prepared for each ENSO phase as 
explained above were converted to the natural logarithmic (ln) values. These 
transformed matrices, in turn, were used in the R-project software  
(https://www.r-project.org/) to estimate the λp values through multiple linear re-
gressions. The linearized yield model is as follows. 

 ( ) ( ){ }, , , , , ,
1

ln ln 1 ARID ,
P

i j k i p i j k p
p

Y λ
=

= × −∑  (3) 

where , ,i j kY  is the relative yield; P is the total number of phenological phases of 
winter wheat considered (5); and the subscripts i, j, k, and p stand for the i-th 
ENSO phase, the j-th location, the k-th year, and the p-th phenological phase, re-
spectively. 

2.4. Evaluating the ENSO Phase-Specific Yield Models 

Given the limited number of years available, especially for the El Niño and La Niña 
phases, the leave-one-out technique of cross-validation was used to evaluate the 
yield model. Following this technique, the available dataset (the transformed ma-
trix) for each ENSO phase was divided into two parts: one for parameterization 
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and the other for evaluation. That is, of the total 28 input-output combinations 
for El Nino, for instance, the first 27 combinations (rows) were used as the pa-
rameterization set for estimating the λp values through the regression of Equation 
(3) and the last one combination (row) as the evaluation set for yield estimation 
through the use of the just estimated λi,p values in the yield model (Equation (2)). 
Leaving one combination out and adding one combination in, both parameteri-
zation and the evaluation sets were moved forward 27 times. Each movement cre-
ated a new parameterization set and a new evaluation set, which, in turn, produced 
a set of new λp values through regressions (using Equation (3)) and, finally, a yield 
estimate (using Equation (2)). This process, consequently, provided 28 relative 
yield estimates for El Niño, 20 for La Niña, and 48 for the Neutral phase. Finally, 
using the mean absolute error, the root mean square error (RMSE), the Nash-
Sutcliffe Index [37], and the Willmott Index [38] as the measures of fit, the esti-
mated relative yields using Equation (2) for the years for which the observed yields 
were available under each ENSO phase were compared with the corresponding 
observed relative yields to evaluate the performance of an ENSO phase-specific 
winter wheat yield model. 

3. Results and Discussion 
3.1. ENSO Phase-Specific Yield Models 

Table 3 shows the phenological phase-specific drought sensitivity coefficients es-
timated for the ENSO phase-specific winter wheat yield model (Equation (2)) for 
the Llano Estacado region of the United States. Using these coefficients in Equa-
tion (2) resulted in the following ENSO phase-specific relative yield models for 
winter wheat. 

( ) ( ) ( ) ( ) ( )0.03 0.082 0.443 0.043 0.039
,PE ,ET ,TB ,BA ,AM1.21 1 ARID 1 ARID 1 ARID 1 ARID 1 ARIDE E E E E EY = × − × − × − × − × − (4) 

 ( ) ( ) ( ) ( ) ( )0.037 0.066 0.165 0.075 0.023
,PE ,ET ,TB ,BA ,AM0.67 1 ARID 1 ARID 1 ARID 1 ARID 1 ARIDL L L L L LY = × − × − × − × − × − (5) 

( ) ( ) ( ) ( ) ( )0.03 0.167 0.263 0.154 0.019
,PE ,ET ,TB ,BA ,AM0.99 1 ARID 1 ARID 1 ARID 1 ARID 1 ARIDN N N N N NY = × − × − × − × − × − (6) 

where EY , LY , and NY  are the relative yields of winter wheat for the El Niño 
(E), La Niña (L), and Neutral (N) phases of ENSO, respectively; and the five phe-
nological phases are represented by subscripts PE, ET, TB, BA, and AM. 

All the sensitivity coefficients under each ENSO phase had positive values, in-
dicating that the water stress during any phenological phase of winter wheat 
would have negative impacts on yields under any ENSO phase. This result was in 
agreement with the findings of several previous studies. In a similar study con-
ducted in the Llano Estacado region, but without considering the ENSO effect, 
[22] also found that water stress during any phase could be detrimental. In an 
experiment carried out in Arizona, USA, [39] observed that wheat grain yields 
were reduced by the water stress that occurred at any growth stage. In a review 
study, [27] demonstrated that wheat yields could be impacted by water stress dur-
ing any phenological phase, depending on the weather conditions. Reference [40] 
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also exhibited through a review paper that winter wheat yield is vulnerable to 
drought at any growth stage. Reference [41] promulgated that water stress occur-
ring at any particular stage would result only in high yield losses, not crop failure, 
whereas that occurring during the entire growing season would result in crop fail-
ure. 

 
Table 3. The drought sensitivity coefficient (λp) values for various phenological phases of 
winter wheat in the Llano Estacado region of the United States under three ENSO phases. 

  ENSO phase 

Phenological phase λp El Niño La Niña Neutral 

 Intercept 1.210 0.670 0.990 

Planting-emergence (PE) λ1 0.030 0.037 0.030 

Emergence-tillering (ET) λ2 0.082 0.066 0.167 

Tillering-booting (TB) λ3 0.443 0.165 0.263 

Booting-anthesis (BA) λ4 0.043 0.075 0.154 

Anthesis-maturity (AM) λ5 0.039 0.023 0.019 

 
Under each ENSO phase, the TB phenological phase had the largest value of the 

drought sensitivity coefficient of all the phenological phases of winter wheat con-
sidered (Table 3), implying that this phenological phase was the most sensitive to 
drought. This implication was consistent with those of several other studies [22] 
[27] [39] [41] [42]. The likely reasons for the greatest sensitivity of winter wheat 
yields to drought during the TB phase were as follows. The crop water demand 
during this phenological phase is high [43]. The water stress during this phase 
reduces the number of stems and heads by increasing the senescence of tillers and 
stems and reduces yields by reducing the number of grains through fewer spikelets 
per head, fewer grains per spikelet, or both [27] [39] [44] [45]. 

The ET phase was the second most sensitive phase to drought under El Niño 
and Neutral and the third most sensitive phase under La Niña. The following phe-
nomena were possible causes for high drought sensitivity during this phase. Plant 
water stress during the ET phase drastically limits leaf growth and tiller develop-
ment [44] [46]-[50]. Under severe water stress, tillering may decrease by about 
50% [47] [49], and leaf area index (LAI) development is severely hampered [27]. 
Water stress just before floral initiation decreases the number of spikelet primor-
dia [51].  

In drought sensitivity, the BA phase followed the ET phase under El Niño and 
Neutral and the TB phase under La Niña. The sensitivity of wheat yields to 
drought during the BA phase was likely due to the following phenomena. Plant 
water stress during this phase reduces the availability of carbon and nitrogen, both 
of which are critical for spike growth [27]. When water stress occurs during spike 
growth and emergence, the kernel number decreases sharply, leading to a decrease 
in wheat yields at a maximum rate [52]. Water stress at heading increases the 
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number of sterile spikelets and florets and that around anthesis affects pollination 
and fertilization, thus reducing the seed setting rate and, eventually the grain yield 
[50]. Water stress during this phase reduces yields also through insufficient as-
similates [53]. 

As the sensitivity coefficients under all ENSO phases showed, the PE phase was 
less sensitive to drought than ET, TB, and BA phases. References [22] and [41] 
also found similar results. The sensitivity of wheat yields during PE was likely be-
cause an early drought in the growing season may have affected wheat germina-
tion and crop establishment [54]. Severe water stress during PE and ET prevents 
crop development [27]. 

The smaller values of the drought sensitivity coefficients during the AM phase 
relative to other phenological phases under all ENSO phases indicated that winter 
wheat yields were the least sensitive to drought that occurred during this pheno-
logical phase in any ENSO year. The scientific documentation also shows that, of 
all the phenological phases of wheat, water stress during the AM phase had the 
smallest yield impacts [39] [42]. The detrimental effect of drought on wheat yields 
during this phase was likely because the water stress around anthesis decreased 
carbohydrate accumulation in the stem by accelerating development [55] [56] and 
during grain-filling shortened the grain-filling period by accelerating senescence 
[52] [57]. The terminal part of the grain-filling period in the Llano Estacado re-
gion is generally hot and dry, which tends to terminate grain-filling early. Under 
these conditions, more grains may be more important than a greater grain-filling 
rate during the AM phase for high yields [44]. The larger sensitivity coefficients 
for TB and BA phases relative to the AM phase well reflected this phenomenon 
(Table 3). The rational values of the sensitivity coefficients suggested that the yield 
models (Equations (4) to (6)) were able to express the ENSO phase-specific rela-
tionship between ARID and the relative yields of winter wheat in the Llano Esta-
cado region accurately. 

As Table 3 shows, the order of phenological phases with diminishing sensitivity 
to drought under a given ENSO phase was as follows. El Nino: TB > ET > BA > 
AM > PE. La Niña: TB > BA > ET > PE > AM. Neutral: TB > ET > BA > PE > AM. 
However, the coefficient values, especially between ET and BA phases, were not 
significantly different under each ENSO phase. Also, the coefficient difference be-
tween PE and AM phases was not significant under each ENSO phase. These pat-
terns suggested that in terms of drought sensitivity, the five phenological phases 
studied could be classified into three groups: 1) highly sensitive: TB; 2) moderately 
sensitive: ET and BA; and 3) slightly sensitive: PE and AM. 

3.2. The Performance of the Yield Models 

The values of the various metrics used to evaluate the performance of the ENSO 
phase-specific winter wheat yield models for the Llano Estacado region of the 
southern United States are presented in Table 4. The RMSE value ranged from 
0.07 to 0.10 (dryland yield per unit of irrigated yield), whereas the mean absolute 
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error value ranged from 0.06 to 0.09. The percentage error of the yield model, 
computed as the ratio of RMSE to the mean observed relative yield, ranged from 
20 to 26. The value of the Willmott index fell between 0.82 and 0.89, whereas that 
of the Nash-Sutcliffe index lay between 0.54 and 0.67. As the values of these met-
rics indicated, each ENSO phase-specific winter wheat yield model performed rea-
sonably well at predicting the relative yields and, thus, the yield losses due to 
drought. 
 
Table 4. The values of the various measures used to evaluate the performance of the ENSO 
phase-specific winter wheat yield models in the Llano Estacado region of the United States. 

 ENSO phase 

Measures El Niño La Niña Neutral 

Mean observed relative yield 0.52 0.32 0.37 

Mean predicted relative yield 0.52 0.32 0.37 

Mean absolute error 0.09 0.06 0.08 

Root mean square error 0.10 0.07 0.10 

Willmott Index 0.82 0.89 0.87 

Nash-Sutcliffe Index 0.54 0.67 0.62 

Percentage error 20 23 26 

 
The Willmott index values indicated that the relative yields of winter wheat es-

timated by the yield model agreed fairly closely with those calculated from the 
observed data. The Nash-Sutcliffe index values also indicated that the agreements 
between the model-estimated and observed values were acceptable for the winter 
wheat yield model, and thus the predictive power of the yield model was relatively 
good. As the positive values of this index indicated, the model predictions were 
more accurate than the means of the observed data. The mean values of both ob-
served and relative yields were the same and ranged from 0.32 to 0.52 across the 
ENSO phase-specific models. The percentage error, if computed as the absolute 
difference between the predicted and the observed values relative to the observed 
value, would be almost zero, an indication of a small error. Under El Niño, the 
range of the predicted relative yields was 0.27 to 0.68, and that of the observed 
relative yields was 0.25 to 0.78. That is, the width of the range of the predicted 
yields (0.41) relative to that of the observed yields (0.53) was about 0.77, which 
indicated that the model error based on this statistic was about 23%. Similarly, the 
errors of this kind under La Niña and Neutral were 24% and 14%, respectively. 
These values were also an indication for a relatively low modeling error. All the 
above metrics indicated that each ENSO phase-specific yield model was able to 
reflect the phenomenon of water stress decreasing the yields of winter wheat in 
the Llano Estacado region fairly well (Figure 1). 

The performance of each ENSO phase-specific yield model was significantly 
better than that of the generic yield model [22], which did not consider the ENSO 
effects (Table 4 vs. Table 5). Compared with the generic model, the ENSO phase-
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specific models increased the Willmott index by 0% to 9% and the Nash-Sutcliffe 
index by 14% to 28%, depending on the ENSO phase. Similarly, the ENSO-specific 
yield models reduced the mean absolute error by 5% to 11% and the percentage 
error and the root mean square error by 11% to 12%. 
 

 
Figure 1. The ENSO phase-specific model-predicted vs. observed values of the relative yield of winter wheat in 
the Llano Estacado region of the United States (1947-2021). 

 
Table 5. The values of the various measures used to evaluate the generic winter wheat yield 
model in the Llano Estacado region of the United States under three ENSO phases. 

 ENSO phase 

Measures El Niño La Niña Neutral 

Mean observed relative yield 0.52 0.32 0.37 

Mean predicted relative yield 0.47 0.34 0.41 

Mean absolute error 0.10 0.07 0.09 

Root mean square error 0.12 0.08 0.11 

Willmott Index 0.75 0.89 0.83 

Nash-Sutcliffe Index 0.42 0.59 0.51 

Percentage error 22 26 30 
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Relative to the generic yield model, the ENSO phase-specific yield models better 
reflected the impacts of the interannual variability of weather conditions during 
the winter wheat growing season in the Llano Estacado region. The following phe-
nomena were the likely reasons for this outcome. The precipitation or drought 
patterns during a given phenological phase of winter wheat were different across 
the ENSO phases. For instance, the weather conditions during late fall through 
early spring in El Niño years were wetter and cooler than the normal years, 
whereas the La Niña winters were drier and warmer than the normal years [23]-
[25]. Accordingly, a phenological phase of wheat occurring during this period 
may have different responses to drought in El Niño and La Niño years. The sen-
sitivity of wheat yields to water stress under a given ENSO phase was also different 
across the phenological phases. Because of these phenomena, therefore, the phe-
nological phase-specific drought sensitivity coefficient value was custom-made 
for a particular ENSO phase, which eventually led to better results. 

4. Conclusions 

This study developed El Niño-Southern Oscillation (ENSO) phase-specific, Agri-
cultural Reference Index for Drought (ARID)-based yield models for predicting 
the drought-induced yield loss for winter wheat in Llano Estacado, a semi-arid 
region in the southern United States. The yield models accounted for the sensitiv-
ity of this crop during various phenological phases to drought. The reasonable 
values of the parameters of each ENSO phase-specific model indicated that the 
yield models were able to accurately express the relationship between ARID and 
winter wheat yields in this region as impacted by ENSO. The yield models esti-
mated the drought-induced yield losses reasonably well by reflecting the ENSO 
phase-specific phenomenon of water stress decreasing the wheat yields in this re-
gion.  

By using the phenological phase × ENSO phase-specific ARID values obtained 
from the long-term historical weather data in the ENSO phase-specific yield mod-
els (Equations (4) to (6)), various stakeholders in the Llano Estacado region, in-
cluding wheat growers, extension agents, policymakers, or the scientific commu-
nity, can estimate the yield loss from drought in an expected ENSO phase-year in 
advance. The ENSO phase-specific yield models might also be useful for schedul-
ing irrigation allocation tailored to a given ENSO year based on the phenological 
phase to ensure water access to the phases that are more sensitive to drought. 
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