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A b s t r a c t. As population rises, more people need to be 
fed. With increasing income, the potential exists for increases 
in the demand for cereals (i.e., barley). Since barley has a high 
level of tolerance to environmental stressors, this crop has been 
recommended as a potential crop for food security in marginal 
environments. In this study, a crop growth Agricultural Land 
Management Alternatives with Numerical Assessment Criteria 
model, was parameterized and used to simulate the yields of two 
barley types grown in a temperate environment at a latitude of 
35°N. In order to apply this crop model to barley, 19 years of field 
data were used to model calibration and validation. As a result, 
the ALMANAC model accurately simulated yields for both bar-
ley types. The validated model was used to predict yields under 
three diverse seasonal rainfall scenarios associated with different 
patterns of the Central Pacific El Niño influence. According to the 
simulation results, excessively high seasonal rainfall decreased 
barley yields. Crop price and annual revenue of the two barley 
types were also evaluated using a non-linear regression model. 
For the malt type, the food price was higher with a higher rainfall, 
while naked barley had a higher revenue under the conditions of 
a lower rainfall.

K e y w o r d s: barley, rainfall, simulation, food cost, grain 
yield

INTRODUCTION

Barley (Hordeum vulgare) has been an important tem-
perate cereal crop worldwide for 10 000 years. This crop 
is the 4th most important cultivated cereal in the world, 

following wheat (genus species), rice (genus species), and 
maize (genus species). Although barley is an important 
food crop, it is also used for the production of alcoholic 
drinks, but despite its versatility global barley demand has 
been decreasing continuously in recent years (Newton et 
al., 2011). In South Korea, barley production has been 
continuously decreasing since 2009 (FAO, 2020) due to 
decreased consumption and profitability (USDA-FAS, 
2019). However, as food choices and eating habits have 
started to become healthier, demands for barley have been 
increasing slowly (USDA-FAS, 2019). Barley is a valuable 
source of food and forage that can provide fibre, vitamins, 
and minerals essential for humans and supply additional 
energy and protein for animals. In addition, since barley has 
a higher abiotic stress tolerance than other crops (Munns et 
al., 2008; Baik et al., 2011; Neyo et al., 2012), this crop has 
been recommended as a promising crop for food security 
in marginal environments (Newton et al., 2011). This also 
presents the possibility of extending its future production to 
areas suffering from climate change, which poses a threat 
to sustainable crop production worldwide. Due to climate 
change, temperature and rainfall patterns have been altered. 
For example, in 2019, an unusually warm and wet winter 
was observed in Korea (KMA, 2020). These changes may 
increase or decrease crop yields depending on the location 
where the crop is grown. 
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Forecasting the crop yield variations of a major crop 
such as barley may play an important role in estimating the 
future impact of climate change. For example, the accurate 
prediction of the impact of climate change on agriculture 
may provide useful information for societies to develop 
a better response to food production shortages and food 
price increases caused by extreme weather. Various crop 
growth models have been used to evaluate the potential 
impact of climate change on crop yield. Takác and Šiška 
(2009) used an agroecological model, DAISY, to simu-
late the yield of spring barley on the Danubian lowland in 
Slovakia. Other studies used CERES-Barley to simulate 
the impact of climate change on barley yields in vari-
ous locations of South Korea (Ko et al., 2019) and in the 
Mediterranean basin (Cammarano et al., 2019). Although 
both of the studies of Ko et al. (2019) and Cammarano et 
al. (2019) projected incremental changes in temperature 
in the study regions, they reported different yield patterns. 
Ko et al. (2019) reported that yields would increase in the 
future while Cammaron et al. (2019) predicted that yields 
would decrease by 8-25% depending on climate projection. 
Cammaron et al. (2019) also reported that barley yields 
were substantially affected by rainfall and soil moisture 
content as more yield variation was observed in wet con-
ditions. Based on comparisons between simulation results, 
crop yields are also significantly affected by soil proper-
ties and climate projections that can vary depending on 
the climate model being used. Therefore, new results may 
be found in different locations and under different climate 
scenarios. This suggests that more evaluations using data 
from different locations and climate scenarios are required 
in order to obtain accurate impacts of climate change on 
barley production. 

In the present study, the Agricultural Land Management 
Alternatives with Numerical Assessment Criteria 
(ALMANAC) model was used to predict the growth and 
development of barley. This model is a field-scale crop 
growth model that can simulate plant growth, water balance, 
soil erosion, soil organic carbon, and nutrient (nitro-
gen and phosphorous) cycling on a daily time step. The 
ALMANAC model is well designed to simulate complex 
plant rotations and fallow-cropping systems. It is useful for 
the evaluation of the impact of a wide variety of environ-
mental and management on forage (e.g. barley) production. 
Debeake et al. (1997) used ALMANAC to demonstrate the 
diverse cropping systems associated with controlling weed 
growth in plots where various winter and spring wheat 
genotypes are grown. This model has been used to evalu-
ate crop growth adaptations under different environmental 
conditions (Kim et al., 2017) and different climate change 
scenarios (Behrman et al., 2014; Kim et al., 2020). Thus, 
ALMANAC simulations can help farmers to determine 
the best cropping management practices to help them to 
effectively adapt to frequent extreme weather events. The 

model version developed in this study represents the first 
time that ALMANAC has simulated barley growth in the 
Asian region. 

The aim of this study is to develop the barley growth 
model to predict the barley grain yield and economic value 
under different rainfall scenarios in South Korea. The simu-
lation information will provide a useful guide concerning 
the impact of different rainfall events on barley yield. In 
order to improve the accuracy of the model, nineteen years 
of the yield data of various barley varieties were used to 
improve the crop growth model. In addition to yield data, 
morphological characteristics including height, length of 
inflorescence, and the number of grains per plant for each 
barley variety were investigated. In this study, the relation-
ships between the various morphological characteristics, 
yield, and weather variables (e.g. temperature and precipi-
tation) were analysed in order to study the influences of 
both morphological and weather variables on crop yield. 
The Meteorological Administration of Korea projected that 
incidents of extreme weather events such as heat waves, 
heavy snow, cold waves, drought, and heavy rain would 
increase in South Korea (KMA, 2014) and emphasized 
the importance of developing a climate model system that 
could project extreme climatic events so that the accuracy 
of crop yield prediction could be increased. In this study, 
based on the results of correlations between barley yields 
and weather variables, the impact of changes to significant 
weather factors on barley yield were tested. The 19 years of 
yield data collected were used for the calibration and vali-
dation of the ALMANAC model. This increased the level of 
confidence in the ALMANAC model for forecasting barley 
yields in diverse weather conditions (e.g., precipitation). 
A non-linear regression model was then used to evaluate 
the unit price (or revenue) of the harvested yields for vari-
ous barley types under diverse rainfall scenarios.

MATERIALS AND METHODS

The field experiment was conducted at Jeollanam-do 
Agricultural Research and Extension Center in Jeollanam-
do province, South Korea during the growing seasons 
from autumn in 2000 to spring in 2019 (35°1’19.35°N, 
126°38’29.65°E). Jeollanam-do has temperate weather 
conditions and has been projected to produce the most 
barley in South Korea in 2020. This province produced 
63 000 Mg of barley, which accounts for 44% of the total 
barley production in South Korea (Statistics Korea, 2020b). 
Naju-si was selected as the location of the study because 
agriculture is an important industry in this area as shown by 
the fact that almost one fourth of the population (24% of the 
total population of Naju-si) is engaged in agricultural activ-
ities (Naju-si, 2020). Thus, simulating barley production in 
this area will provide a better understanding of the impact 
of rainfall change on barley production in Jeollanam-do in 
South Korea.
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According to the National Institute of Agricultural 
Science, RDA (Available online at http://soil.rda.go.kr/
soil/soilmap/characteristic.jsp), the soil type in the study 
location is Tongcheon (Tc, loam). The plots were arranged 
according to a randomized completed block design with 
three replicates. The treatments included six barley varie-
ties (three naked and three malt barley varieties). For the 
naked varieties, Saessal, Saechalssal and Huinchalssal 
were used. Dusan 29ho, Jinyang, and Hopum were the 
malt barley varieties. The naked varieties were named six-
row barleys, while the malt varieties were named two-row 
barleys. 

In each year, more than one variety of each barley type 
(either naked or malt) was tested. The size of the subplot 
was 1.5 x 6 m = 9 m2. Barley tolerates low temperatures. 
Korean farmers usually plant barley in the autumn and 
begin to harvest in spring. Seeds of both the naked and malt 
types were row planted at 25 cm row spacing at rates of 
150 and 160 kg ha-1, respectively, around October 25th. In 
early February, compost organic material was applied to the 
field at a rate of 250 kg ha-1. In late May, all barley varieties 
were harvested. At harvest time, the plant height, length of 
inflorescence, number of tillers per m2, number of florets 
per tiller, and oven dry (65°C) grain yield (kg ha-1) were 
measured. The plant height was the length from ground lev-
el to the bottom of the plant’s inflorescence. The length of 
inflorescence was the length from the bottom to the top of 
the plant’s inflorescence. Daily weather data including the 
average maximum and minimum temperatures, total pre-
cipitation, and average wind speed for the study location 
were collected from the nearest weather station (NaJu 710). 

The relationships between the seasonal weather varie-
ties (October-May) and morphological characteristics were 
analysed. A statistical analysis (ANOVA) was conducted 
using Proc GLM to test the significant differences in grain 
yields between the three barley varieties within each bar-
ley type. Statistical Analysis Software version 9.3 (SAS 
Institute, NC, USA) was used to test the statistical analy-
sis. Since the morphological characteristics of all three 
varieties for each barley type were not evaluated for the 
same year, years that had similar weather conditions were 
selected to compare grain yields for each barley type. For 

malt barley types, the grain yields collected in 2000-2007 
for Dusan 29ho and Jinyang and in 2005-2011 and 2016 for 
Hopum were used. For naked barley types, the grain yields 
collected in 2012-2018 for Saechalssal and Huinchalssal 
and 2001-2008 for Saessal were used. The morphological 
characteristics of each barley type and the seasonal weather 
data (2000-2018) were correlated using Pearson’s correla-
tion analysis.

The ALMANAC model is a single field-based process-
level simulator, which can be used to accurately simulate 
the growth, development, and grain yield of crops influ-
enced by weather conditions. In the simulation, in order to 
determine the effects of weather conditions on grain yields, 
barley grain crops were only produced in rainfed areas. 
To improve the stability and accuracy of the crop growth 
simulation, high-quality input data for weather, soil, and 
management are required (Grassini et al., 2015). Detailed 
soil information was obtained from the National Institute of 
Agricultural Science, RDA (Available online at http://soil.
rda.go.kr/soil/soilmap/characteristic.jsp). The values for se- 
veral soil components, including the organic matter content 
(g kg-1), phosphorus concentration (mg kg-1), cation exchan- 
ge capacity (cmol kg-1), and the pH in top soil (0-20 cm) are 
listed in Table 1.

ALMANAC incorporates a number of equations that 
describe how the parameters interact with other parame-
ters in the model. Plant parameters were estimated based 
on 1) leaf-area development, 2) development-rate response 
to temperature, 3) radiation-use efficiency and physical 
descriptions, and 4) nitrogen and phosphorous concen-
trations in plant biomass. This model simulates the light 
competition between plants using light fraction interception 
by the canopy which may be calculated by using Beer’s law 
(Monsi et al., 1953), the light extinction coefficient (k), and 
leaf area index (LAI):

fraction = 1.0 – e(-kLAI). (1)

The plant parameter values were derived from the previ-
ous study (Kiniry et al., 1995), field data, and the database 
of the ALMANAC model, with minimal adjustment after 
comparing the output with the measured barley yields.

Ta b l e  1. Soil properties (soil organic matter content, phosphorous concentration, cation exchange capacity, and pH) in top soil 
(0-20 cm) and weather variables (average maximum temperature, average minimum temperature, total precipitation, average wind 
speed) during barley growing seasons (October-May) in 2000-2019 at the study location in Jeollanam-do, South Korea

Study Soil properties

Location OM (g kg-1) P (mg kg-1) CEC (cmol kg-1) pH

35°1’19.35°N, 126°38’29.65°E

26 159 7.3 5

Weather variable (October -May)

Max. temp. (°C) Min. temp. (°C) Total prec. (mm) Avg. wind (m s-1)

14.88 2.58 509 1.62
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According to a statistical analysis, in general, there were 
no significant differences in grain yields between the varie-
ties used within each type (Table 2). However, there was 
a significant (p = 0.04) difference in grain yield between the 
two barley types (Table 2). Thus, in the ALAMANC plant 
database, two sets of plant parameters, namely NBAR and 
BBAR, were created for the naked and malt barley types, 
respectively. During calibration, most of the plant param-
eters were determined based on field data (plant height and 
plant density) and also values reported in a previous study. 
Kiniry et al. (1995) developed plant parameters for spring 
barley. Several key plant growth parameters such as DMLA, 
DLAP1, DLAP2, DLAI, RLAD, TG, TB, PHU, FRST1, 
and FRST2 were derived from Kiniry et al. (1995). The 

same values for these parameters were used for both naked 
and malt barley types. The value of DMLA, a potential leaf 
area index, was 5. The pattern of the leaf area development 
curve prior to anthesis is described by the values of DLAP1 
and DLAP2. DLAP1 and DLAP2 had values of 15.01 and 
45.95, respectively. The value of DLAI, for the portion of 
the season when maximum LAI occurred and when LAI 
began to decrease, was 0.6. The value of RLAD, the shape 
of the LAI curve after DLAI was reached, was 1. TG was 
the base temperature and TB was the optimum temperature 
for growing degree-day calculation. The values of TG and 
TB were 0 and 25°C, respectively. PHU was the growing 
degree-days from planting to maturity. Its value was 1570. 
FRST1 and FRST2 represented how biomass was lost as 
a result of frost damage. Their values were 15.001 and 
15.01, respectively. 

The maximum plant heights were derived from the 
sum of the plant height and length of inflorescence for 
each type. The maximum heights (HMX) for naked and 
malt barley types were 0.93 m and 0.94 m, respectively. 
The values of maximum height were the highest measured 
heights from the field study. The value of radiation use effi-
ciency (WA) was 40 for both barley types. The values of 
WA were adjusted through model calibration. According to 
morphological field analysis, malt barley had fewer florets 
per inflorescence and a higher biomass than naked barley 
(Table 3). This means that malt barley might have a higher 
value for harvest index (HI) (i.e., the dry matter of seed 
yield divided by the total above ground biomass at matu-
rity). The value of HI for naked barley was 0.54, which was 
the same value reported by Kiniry et al. (1995). The value 
of HI for malt barley was 0.6.

For calibrating ALMANAC, the measured grain yields 
collected from 2001 to 2009 were compared with the simu-
lated yields. In order to validate ALMANAC, the measured 
grain yields collected from 2010 to 2018 were compared 
to the simulated yields. The measured yields used for com-
parison were the average yield values of all three varieties 
within each barley type. The measured yields averaged for 
Saessal, Saechalssal, and Huinchalssal were used for naked 
barley to serve as a comparison with the simulated yields 
while the average yields of Dusan 29ho, Jinyang, and 
Hopum were used for the malt barley type. In order to test 

Ta b l e  2. Grain yields of naked barley varieties (Huinchalssal, 
Saechalssal, and Seassal) and malt barley varieties (Dusan 29ho, 
Jinyang, and Hopum) averaged over different years 

Variety
Average

Years Grain yield 
(Mg ha-1) SD

Huinchalssal 2012-2018 3.77 0.80

Saechalssal 2012-2018 3.68 0.78

Seassal 2001-2008 3.48 0.29

p-value 0.61

Dusan 29ho 2000-2007 3.89 0.59

Jinyang 2000-2007 3.89 0.59

Hopum 2005-2011, 2016 3.83 0.62

p-value 0.91

Type

Naked 2000-2018 3.65 0.55

Malt 2000-2018 3.93 0.64

p-value 0.04

Grain yields of two barley types were averaged over 2000-2019. 
A statistical analysis (ANOVA) was used to compare yields 
among the varieties for each barley type (naked and malt) and 
between the two types of barley (naked and malt) (α = 0.05).

Ta b l e  3. Mean values and standard deviations of height, length of inflorescence, number of tillers, and number of florets of naked 
and malt barley types in 2000-2019

Types Height
(cm) SD 

Length of 
inflorescence

(cm)
SD No.

tillers SD No. 
florets SD

Naked 74.45 9.69 4.98 0.56 675 103 57 6.61

Malt 76.67 7.45 6.46 0.73 859 125 24 2
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model accuracy, the root-mean square error (RMSE), mean 
bias error (MBE), and mean absolute error (MAE) were cal-
culated (Eqs (2) – (4), respectively):

(2)

(3)

and

(4)

where: i was the ith observation, n was the total number of 
observations, Si was the ith simulated value, and Oi was the 
ith observed value. 

According to Druille et al. (2020), both RMSE and MAE 
could be used to evaluate the ALMANAC model prediction 
error in units of the variable of interest. These metrics were 
in the range from 0 to ∞. They were unaffected by the direc-
tion of the errors. Lower values of these metrics indicated 
an improved model performance. Mean bias error was used 
to test whether the model generated an overestimation (pos-
itive values) or an underestimation (negative values) of the 
simulated yields.

According to the correlation analysis between barley 
grain yield and weather variables, seasonal rainfall mod-
erately influenced barley grain yield. Kim et al. (2017) 
studied seasonal rainfall changes in Korea which are 
closely associated with the different evolution patterns 
of the Central Pacific (CP) El Niño influence. Three sea-
sonal rainfall patterns, including prolonged decay (warm 
sea surface temperature (SST) generated in the equatorial 
Pacific region), abrupt decay (abnormal SST rapid decline), 
and symmetrical decay patterns (an increase in the SST 
occurring in CP), were studied. More detailed information 
may be found in the study of Kim et al. (2017). According 
to the results of the present study, the Korean Peninsula 
experienced an overall increasing pattern in spring rain-
fall during both prolonged decay years and symmetrical 
decay years. The amount of spring rainfall for the study 
area increased by up to 20% during the prolonged decay 
years, while spring rainfall increased up to 40% during the 
symmetrical decay years. Unlike the other two patterns, 
the amount of spring rainfall decreased by 10% during the 
abrupt decay years.

In the present study, we investigated changes in the 
grain yields of two barley types (naked and malt) under 
three different rainfall patterns (prolonged decay, abrupt 
decay, and symmetrical decay). The total precipitation for 
the simulations were increased by 20% during the historical 
years (2000-2019) with a prolong decay pattern, decreased 
by 10% with an abrupt decay pattern, and increased by 40% 
with a symmetrical decay pattern. The successfully validat-
ed ALMANAC model was used to simulate the grain yields 

of naked and malt barley types under three different rainfall 
patterns. We assumed that the temperature and CO2 levels 
remained unchanged from the historical years (2000-2019).

The unit price (or unit revenue) of the harvested yield 
was estimated via the non-linear economic model shown 
in Eq. (5):

y = ax-b, (5)

where: y is the unit price ($ Mg-1), x is the grain yield 
(Mg ha-1), and a and b are constants. Generally, the unit 
price of grain such as rice and barley had a non-linear 
relationship with its harvest yield (Carter, 1994; Eissa and 
Refai, 2019; Barboza, 2020). In Eq. (5), the unit price (y) 
decreased as the production yield increased (x). This appro-
priately reflects the reality. Because of the law of scarcity, if 
grain is overproduced, it is likely to be thrown away (Khush, 
1987). Since each person only needs a certain amount of 
food to live, overproduced grain has no value. Equation (5) 
is calibrated by the least square method, which estimates 
parameters (or constants) in order to minimize the estima-
tion error of a given model (Kim et al., 2020). Based on the 
calibrated model, we could identify which scenario would 
be the best in terms of potential unit revenue.

RESULTS AND DISCUSSION

According to the statistical analysis, there were no sig-
nificant variations between varieties within the barley type 
(Table 2). For the naked barley type, measured dry grain 
yields of Huinchalssal, Saechalssal, and Seassal were 3.77, 
3.68, and 3.48 Mg ha-1, respectively. The measured dry 
grain yields of Dusan 29ho, Jinyan, and Hopum for malt 
barley were 3.89, 3.89, and 3.83 Mg ha-1, respectively. 
The measured dry grain yields averaged for all malt barley 
types in 2000-2018 were significantly higher than those of 
the naked barley type (p = 0.04). The average grain yield 
was 3.93 Mg ha-1 for the malt barley type and 3.65 Mg ha-1 
for the naked barley type.

Compared to the naked barley type, the malt barley type 
had a greater height, length of inflorescence, and number 
of tillers (Table 3). The height was 74.5 cm for the naked 
barley and 76.7 cm for malt barley. The length of inflores-
cence of the malt barley type was 6.5 cm, while the length 
of inflorescence of the naked barley type was 5.0 cm. The 
numbers of tillers per m2 of naked and malt types were 675 
and 859, respectively. The higher number of tillers for the 
malt barley type may result in higher grain yields. Unlike 
other morphological parameters, the number of florets per 
inflorescence of the naked type was higher than that of the 
malt type (Table 2).

Correlations between the morphological variables were 
tested for both the naked and malt barley types (Table 4). 
The number of tillers was positively and moderately 
correlated with height for both barley types (R = 0.55, 
p <0.0001 for the naked type and R = 0.57, p <0.0001 for 
the malt type). For both barley types, there were positive 
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and moderate correlations between the number of florets 
and the length of inflorescence (R = 0.65, p <0.0001 for the 
naked type and R = 0.71, p <0.0001 for the malt type). The 
number of tillers was moderately and positively correlated 
with the grain yield of the malt type (R = 0.62, p <0.0001). 
However, it only showed a weak correlation with the grain 
yield of the naked type (R = 0.3, n.s.) (Table 4). This may 
be why the malt barley type had a higher grain yield than 
the naked barley type (Table 3).

Correlations between the morphological variables and 
the seasonal weather variables were analysed for both 
the naked and malt barley types (Table 4). For both the 
naked and malt barley types, wind speed was moderately 
and negatively correlated with the length of inflorescence 
(R = -0.67, p <0.0001 for the naked barley and R = -0.6, 
p <0.0001 for the malt barley type). The total seasonal pre-
cipitation was positively and moderately correlated with the 
grain yield of the naked barley type (R = 0.55, p <0.0001). 
For malt barley, the minimum temperature was negatively 
correlated with the number of tillers per m2. Wind speed 
was negatively and moderately correlated with the number 

of florets per tiller for the malt barley type. Seasonal total 
precipitation had a weak and positive correlation with the 
grain yield of the malt barley type (R = 0.4, p <0.05).

Since there were no significant differences in the barley 
variables within each barley type, two barley plant param-
eters were created: naked and malt barley types (Table 5). 
For model calibrations, measured grain yields for 2001-
2009 were compared with the simulated grain yields for 
both types. As shown in Table 6, the ALMANAC model 
was successfully calibrated for both types. The measured 
grain yields of both the naked and malt types averaged for 
2001-2009 were 3.60 and 4.04 Mg ha-1, respectively, while 
the simulated grain yields of both the naked and malt types 
were 3.62 and 4.03, respectively. The values of RMSE for 
both the naked and malt types were 0.33 and 0.45 Mg ha-1, 
respectively. The values of MBE and MAE for both types 
were very low, showing that the ALMANAC performance 
could be characterized as ‘very good.’

For model validation, the measured grain yields for 
2010-2018 were compared with the simulated yields for 
both barley types (Table 6). The measured grain yields 
of the naked and malt types were 3.73 and 3.76 Mg ha-1, 

Ta b l e  4. Correlations between morphological variables and between morphological variables and weather variables for naked and 
malt barley types

Variables Height Length of 
inflorescence No. tillers No. florets Grain yield

Naked barley

Morphological variables

H 1
LF 0.35* 1
T 0.55*** 0.58*** 1
F 0.12 0.65*** 0.26 1
GY 0.32* 0.02 0.30 0.21 1

Weather variables 

Max T 0.05 0.34* 0.17 0.17 -0.14
Min T -0.14 0.04 0.04 0.12 -0.12
Prep -0.04 -0.13 -0.06 0.00 0.55***
Wind -0.42** -0.67*** -0.49** -0.37** 0.09

Malt barley

Morphological variables

H 1.00
LF 0.16 1.00
T 0.57*** 0.05 1.00
F 0.08 0.71*** -0.06 1.00
GY 0.31 -0.20 0.62*** 0.01 1.00

Weather variables

Max T -0.42* 0.24 -0.31 0.34 -0.10
Min T -0.47** 0.16 -0.61*** 0.19 -0.27
Prep 0.31 -0.39 0.30 -0.19 0.40*
Wind 0.11 -0.60*** 0.01 -0.59*** -0.12

Correlation significant – numbers in bold. Correlation coefficients between 0.5 and 0.7 indicated moderate correlations between var-
iables, while correlation coefficients between 0.3 and 0.5 indicated variables with weak correlations. H – height, LF – length of 
inflorescence, T – number of tillers, F – number of florets, GY – dry grain yield, Prep – total precipitation (October-May). Correlation 
is significant at the: *0.05, **0.01, ***0.0001 levels.
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respectively. The simulated yields of the naked and malt 
types were 3.38 and 3.75 Mg ha-1, respectively. The RMSE 
values of the naked and malt types were 0.82 and 0.87 Mg 
ha-1, respectively. The MAE values of the naked and malt 
types were 0.76 and 0.69 Mg ha-1, respectively. According 
to the results of MBE, the simulation for the naked type 
(-0.35 Mg ha-1) was underestimated more than the simula-
tion for the malt type (-0.01 Mg ha-1) (Table 6). However, 
the values of MAE and MBE were low, indicating that the 
ALMANAC model was successfully validated.

After ALMANAC was successfully calibrated and vali-
dated, the dry grain yields of the naked and malt barley 
types were simulated for 2001-2018 with three differ-

ent decaying rainfall patterns, including prolonged decay, 
abrupt decay, and symmetrical decay. In comparison with 
the reference years, spring rainfall amounts during the 
prolonged and symmetrical decay years increased by 20% 
and 40%, respectively. Greater seasonal rainfall tended to 
decrease the barley grain yields in simulations (Fig. 1 and 
Table 7). For naked barley, the simulated grain yields during 
the years of 2001-2018 with the reference rainfall pattern 
was 3.5 Mg ha-1 while grain yields with prolonged and 
symmetrical rainfall patterns were 3.42 and 3.12 Mg ha-1, 
respectively. Like naked barley, malt barley also decreased 
its grain yields with prolonged and symmetrical rainfall 
patterns. Although the rainfall amount and grain yields 

Ta b l e  5. ALMANAC input parameters for naked (NBAR) and malt (BRAR) barley types

Parameter Definition
Naked Malt

NBAR BRAR

WA Radiation use efficiency 40

DMLA Potential leaf area index 5

DLAP1
Two points on optimal (nonstress) leaf area development curve

15.01

DLAP2 45.95

DLAI Fraction of the growing season in heat units in divided by the 
total heat units accumulated between planting and crop maturity 0.6

RLAD Leaf-area-index decline rate parameter 1

TG Optimal growth temperature (°C) 25

TB Base growth temperature (°C) 0

PHU Potential heat unit 1570

FRST1
Two points on the frost damage curve 

5.001

FRST2 15.01

HMX Maximum height (m) 0.93 0.94

HI Harvest index 0.54 0.6

Ta b l e  6. Summary of simulated and measured barley grain yields, standard deviations, root mean square error (RMSE), mean bias 
error (MBE), and mean absolute error (MAE) for ALMANAC model calibration and validation

Barley type Year

Average
Standard
deviation

Average 
Standard
deviation

RMSE MBE MAE
Measured grain 
yields (Mg ha-1)

Simulated grain 
yields (Mg ha-1) (Mg ha-1)

Calibration 

Naked 2001-2009 3.60 0.40 3.62 0.30 0.33 0.025 0.27

Malt 2001-2009 4.04 0.65 4.03 0.33 0.45 -0.006 0.38

Validation

Naked 2010-2018 3.73 0.65 3.38 0.35 0.82 -0.35 0.76

Malt 2010-2018 3.76 0.76 3.75 0.39 0.87 -0.01 0.69
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were positively correlated (Table 4), excessive rainfall may 
decrease the barley grain yield (Table 7). In the simulation, 
the amount of surface runoff, soil loss, and nutrient loss 
increased as the amount of rainfall increased (Table 8). 
The soil and nutrient losses from surface runoff nega-
tively affected the yield production for both barley types. 
During the abrupt decay years, both the naked and malt 
barley types slightly increased their yields by 0.3-0.4 Mg 
ha-1 (Table 7). As compared with the reference, nutrient loss 
in surface runoff during the abrupt decay years decreased 
slightly (Table 8), which means that more nutrients were 
available for plant growth. 

The ALMANAC model successfully simulated the 
yields of two types of barley (naked and malt) under three 
different seasonal rainfall scenarios. Based on these sim-

ulation results, unit sales price (or unit revenue) for the 
two barley types were estimated using non-linear regres-
sion models (Eq. (6) for naked barley and Eq. (7) for malt 
barley):

y = 2207.5x-0.754  for  2 ≤ x ≤ 5, (6)

y = 4016.5x-1.148  for  2 ≤ x ≤ 5, (7)
where: y and x were the price ($ Mg-1) and grain yield (Mg 
ha-1), respectively. The R2 values of these two models were 
85.0 and 79.7%, respectively. According to Eqs (6) and (7), 
the price ($ Mg-1) decreased as grain yield increased. Note 
that both equations were developed based on data collected 
from the subject area (i.e., Naju-si, Jeollanam-do, South 
Korea). With regard to the fact that Jeollanam-do pro-
duced 44% of the total barley production in South Korea 

Ta b l e  7. Dry grain yields (Mg ha-1) and standard deviations of naked and malt barley types and total seasonal rainfall amounts during 
reference years with normal and different seasonal rainfall patterns (prolonged decay, abrupt decay, and symmetric decay)

Barley type Grain yield Measured Simulated Prolong Abrupt Symmetric

Naked
Grain yield 3.67 3.50 3.42 3.54 3.12
SD 0.53 0.34 0.30 0.37 0.33

Malt
Grain yield 3.90 3.89 3.81 3.93 3.47
SD 0.70 0.38 0.34 0.41 0.37

Seasonal rainfall (mm) 505 505 606 454 707

Reference indicates historical rainfall data in 2001-2018. During prolonged decay years, spring rainfall increased by 20%. During 
abrupt decay years, spring rainfall decreased by 10%. During symmetric decay years, spring rainfall increased by 40%.

Fig. 1. Comparison of simulated barley grain yields (Mg ha-1) of naked and malt barley types during the years 2001-2018 with reference 
and three different seasonal rainfall patterns (prolonged decay, abrupt decay, and symmetrical decay). The reference indicates historical 
rainfall data in 2001-2018. During the prolonged decay years, spring rainfall increased by 20%. During the abrupt decay years, spring 
rainfall decreased by 10%. During the symmetrical decay years, spring rainfall increased by 40%.
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(Statistics Korea, 2020b), the sales prices given by both 
equations could be influenced by the total demand of bar-
ley in South Korea. Barley consumption for both the naked 
type and malt barley were about 243 000 and 64 000 Mg, 
respectively (Statistics Korea, 2020a). Demand for barley 
has remained low mainly due to a decreasing demand for 
rice substitutes in the Korean market (USDA-FAS, 2019). 
If there is an overproduction of barley, it will cause a sig-
nificant drop in the barley price. This may reduce profits for 
farmers. Eqs (6) and (7) were used to estimate the prices of 
two types of barley from Table 7. The results are shown in 
Table 9.

The total harvested areas of naked barley and malt bar-
ley in 2000-2018 were about 21 500 ha and 16 600 ha in 
South Korea, respectively (Statistics Korea, 2020a). The 
total harvested area for each barley type was used to esti-
mate the total barley production and its annual revenue 
under three rainfall scenarios (Table 10). The estimated unit 
prices from Eqs (6) and (7) are multiplied by the annual 
harvested yields for the estimation of the annual revenue. 
For naked barley, the abrupt scenario had the highest annual 
revenue, although it had the lowest unit price ($ 851 Mg-1) 
among the three scenarios (Table 9). Obviously, its pro-
duction quantity (76 114 Mg) was much higher than those 
of the other two scenarios (i.e., 73 500 Mg for prolonged 
and 67 100 Mg for symmetrical decay). Thus, the abrupt 

scenario produced the highest revenue. However, different 
results were obtained for the malt barley. The symmetri-
cal scenario produced the highest revenue, although it had 
the lowest yield of 57 486 Mg. Unlike the three scenarios 
for naked barley, overproduction caused a significant drop 
in unit price. Although yields for the abrupt scenario and 
the prolonged scenario were 65 106 and 63 118 Mg, respec-
tively, they could only make $ 54 588 647 and $ 54 338 686, 
respectively. Obviously, the unit price of the malt barley 
was much more sensitive to production yield than that of 
the naked barley (Eqs (6) and (7)).

The simulation results were presented in terms of poten-
tial losses of soil and nutrients from farm fields and potential 
soil quality degradation under higher rainfall events, which 
lead to drops in the potential agricultural productivities of 
both naked and malt barley types. Changes in crop yields 
were expected to affect barley production and prices. For 
the naked barley type, the revenue increased as its yield 
increased. Unlike naked barley types, the malt barley type 
showed a drop-in revenue when its production increased. 
According to this simulation result, planting malt barley 
types under higher rainfall conditions could be more attrac-
tive to farmers than the naked types due to higher economic 
benefits. However, despite malt types producing higher 
economic benefits under extreme weather events, the naked 
type had more stability in terms of production and price. 

Ta b l e  8. ALMANAC outputs of surface runoff, soil loss, and nutrient loss estimated by simulating naked and malt barley types during 
years 2001-2018 with reference and different seasonal rainfall patterns (prolong decay, abrupt decay, and symmetric decay)

Barley type Seasonal rainfall pattern
Simulation output

Q (mm) MUSL (Mg ha-1) YNO3 (kg ha-1)

Naked barley

Reference 521.54 12.33 9.37
Prolong 693.99 23.18 10.75
Abrupt 507.69 15.39 8.55
Symmetry 796.2 28.13 13.11

Malt barley

Reference 521.36 12.34 8.61
Prolong 693.81 23.07 10.19
Abrupt 507.51 15.35 7.93
Symmetry 796.02 28.12 12.47

Q – surface runoff (mm), MUSL – soil loss from water erosion using modified USLE (MUSLE) (Mg ha-1), and YNO3 – NO3 loss in 
surface runoff (kg ha-1). Other explanations as in Table 7. 

Ta b l e  9. Estimated price ($ Mg-1) for naked and malt barley types in reference years (measured and simulated) and rainfall scenarios 
(prolong, abrupt, symmetric scenarios)

Barley type Estimated price Measured Simulated Prolong Abrupt Symmetric

Naked
Price ($ Mg-1) 828 858 873 851 936
SD 76 106 116 99 108

Malt
Price ($ Mg-1) 842 844 865 835 963
SD 51 192 219 176 198

Explanations as in Table 7.
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rainfall), abrupt (-10%), and symmetrical (+ 40%) decay-
ing rainfall patterns, were simulated. The barley tended 
to decrease its yield as rainfall increased. This might be 
because heavy rainfall generated soil and nutrient losses 
through surface runoff, resulting in yield loss. 

3. The annual revenue and unit prices for barley types 
were analysed based on yield estimations under differ-
ent rainfall scenarios. Two non-linear models for naked 
and malt barley were established via non-linear models at 
α = 0.05 with R2 values of 85.0 and 79.7%, respectively. 
Both models revealed that the revenue patterns for naked 
and malt barley differed in terms of rainfall scenarios. For 
the malted barley type, the barley price increased as grain 
yield decreased. 

4. In economics, “scarcity” occurs when an item be- 
comes attractive but has restricted availability. As a result, 
the highest revenue of malt barley type was observed during 
symmetrical decaying years. On other hand, overproduc-
tion of the naked barley type caused its unit price to drop 
significantly. The naked barley type produced the highest 
annual revenue during the abrupt decaying years among 
other scenarios. This also showed that the scarcity of naked 
barley affects the annual revenue. These simulation results 
suggest that seasonal rainfall changes may significantly 
affect barley yield as well as its food price at α = 0.05 with 
reliable R2 values higher than 79%. 

5. This finding will provide farmers with important 
information concerning the impacts of extreme weather 
events on barley yield, which could make barley adapt bet-
ter and perform well under abiotic stressful conditions. 
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