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Abstract: Drought is the main meteorological disaster that affects the yield and quality of spring
maize on the Loess Plateau. This study used data of the spring maize growth period, relative soil
humidity, and yield at 18 agricultural meteorological observation stations on the Loess Plateau from
1997 to 2013 to determine the drought category based on the yield reduction rate. Through the drought
index according to the conformity rate of category standard and individual case verification, a refined
suitability drought index of spring maize on the Loess Plateau was constructed, and the spatial
distribution characteristics of drought in different growth stages of spring maize were analyzed. The
results showed the following: (1) The number of days in the whole growth period of spring maize
in all regions of the Loess Plateau has been extended. The average sowing date of spring maize in
the northwest region of the Loess Plateau was 9 April, and that in the east and central regions was
26 April. In terms of spatial distribution, each growth period was gradually delayed from west to
east. (2) The correlation between relative soil humidity and yield of spring maize at the jointing stage
and heading stage was the best, followed by the milky stage and mature stage, and the relative soil
humidity at the sowing stage and emergence stage had little effect on the yield. (3) According to
the national drought category standard “Drought Category of Spring Maize in the North”, based
on the data of yield reduction rate, the drought index of spring maize on the Loess Plateau was
refined by region and growth stage. The drought category index values of spring maize in different
growth stages and regions changed according to the revised drought category standard, with 71.4%
of the sites in the sowing seedling stage and 85.7% of the sites in the seedling jointing stage, and the
revised drought category was more severe than the national drought category standard, while at
57.1% of the sites in the jointing and tasseling stages and 71.4% in the tasseling and milking stages,
the revised drought category was less severe than the national drought category standard. (4) Based
on the revised refined drought index for spring maize on the Loess Plateau, the spatial distribution of
drought occurrence frequency across different growth stages of spring maize on the Loess Plateau
was analyzed. The frequency of drought occurrence during the seeding and emergence stages was
25-75%. With the change in growth stages, the high-value area of drought occurrence frequency
gradually moved northward, and the overall frequency of drought occurrence decreased. For the
milky mature stage, the frequency of drought occurrence in a few regions was around 42%, and the
drought frequency in most regions was between 8% and 33%.

Keywords: Loess Plateau; spring maize; relative soil moisture; drought index

1. Introduction

The Loess Plateau, a climate-change-sensitive area and drought-prone zone in China,
has been severely affected by drought, which has impacted the development of local
agricultural production [1]. Maize is the main grain crop on the Loess Plateau, which has
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important significance for ensuring food security on the Loess Plateau [2]. Previous research
results have shown that drought can lead to maize plant dwarfing, hindered growth and
development, deteriorated ear traits, and ultimately, a significant decrease in economic yield
and biomass [3]. Since the 1990s, the annual precipitation on the Loess Plateau has shown
a significant decrease, with droughts becoming increasingly frequent [4], the frequency
and degree of droughts increasing and deepening [5-7], and the impact of drought on
maize intensifying [8,9]. Therefore, timely and objective monitoring of the spatiotemporal
distribution characteristics of maize drought on the Loess Plateau, analyzing the impact of
climate change on it, has important practical significance for improving maize’s disaster
prevention and reduction capabilities.

Objectively and effectively monitoring and estimating maize drought and accurately
reflecting the degree, scope, and duration of maize drought require appropriate and ac-
curate maize drought indicators [10-14]. Relative soil humidity can directly reflect the
available water status of maize and has a good correlation with yield [15], which is a key
factor affecting the growth, development, and yield of maize. In addition, during the
analyzed period, the relative soil humidity observation stations of the China Meteorological
Administration Agricultural Meteorological Observatory were widely distributed, and the
time series of the observation data was long. Therefore, this study selected relative soil
humidity as a monitoring indicator, which could better reflect the degree of maize drought
on the Loess Plateau [16].

Although the “China Meteorological Administration’s Northern Spring Maize Drought
Rating” (QX/T 259-2015) [17] stipulates the standard of relative soil humidity drought
rating in different growth periods of maize (Table 1), the standard does not take regional
differences into account, and the same maize drought index values were used in different
regions. The application of this standard to study the spatiotemporal distribution charac-
teristics of spring maize drought on the Loess Plateau was not sufficiently precise. In order
to more accurately monitor and evaluate the impact of climate change on spring maize
drought on the Loess Plateau and analyze the spatiotemporal distribution characteristics
of spring maize drought on the Loess Plateau, this study used 18 representative spring
maize agricultural meteorological observation stations on the Loess Plateau from 1997
to 2013 to observe the growth period and yield of spring maize, manually observing the
moisture content (relative soil humidity) data of maize every ten days and determining
the drought level based on the yield reduction rate. We revised Table 1 “Drought Levels
of Spring Maize in the North (QX/T 259-2015)” by region and growth period to construct
a new refined drought index for the relative soil humidity of spring maize on the Loess
Plateau and, based on this, study the impact of climate change on spring maize drought on
the Loess Plateau.

Table 1. Relative soil humidity drought category standard for maize at different growth stages.

Relative Soil Moisture at Different Developmental Stages (%)

Drought : : - : I
Categories Sowing- Seedling- Jointing— Tasseling— Milking-
Seedling Jointing Tasseling Milking Maturing
Drought-free R>65 R>60 R>70 R>75 R>65
Light 55<R<65 B50<R<60 60<R<70 65<R<75 55<R<65
drought
Moderate 45 _p 55  40<R<50 50<R<60 55<R<65 45<R<55
drought
Severe 35<R<45 30<R<40 40<R<50 45<R<55 35<R<45
drought
Extreme

drought
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2. Materials and Methods
2.1. Study Area

Considering the main planting areas of spring maize, the Loess Plateau in this study

spanned Shaanxi Province, Shanxi Province, Ningxia, the middle east of Gansu Province,

and

the east of Qinghai Province. Due to its wide coverage and obvious differences in crop

growth periods in different regions, the study area was divided into three regions based on
China’s agricultural natural division, referred to as the northwest Loess Plateau (Zone I),
the central region of the Loess Plateau (Zone II), and the eastern region of the Loess Plateau
(Zone 1III) (Figure 1).
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Figure 1. Regional division of the Loess Plateau and distribution map of agrometeorological stations.
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Data

Relative soil humidity data were extracted from the China Meteorological Data Net-
work (http://data.cma.cn/, accessed on 12 August 2023). In this study, 18 spring
maize agrometeorological observation stations (Minhe, Pingluo, Yongning, Shapotou,
Xifeng, Xunyi, Yuyang, Baota, Shuozhou, Fanshi, Xinfu, Shilou, Xiyang, Taigu, Jiexiu,
Xixian, Changzhi, and Jincheng) from 1997 to 2013 were selected, and relative soil
humidity data with depths of 10, 20, and 50 cm were collected. The soil moisture
data were observed by an agrometeorological observation station according to the
“Specifications for Agrometeorological Observation” of the China Meteorological
Administration, which satisfied the requirements of this study.

Data of the growth period (seeding, seedling emergence, jointing, tasseling, milking,
and ripening) of 18 spring maize agrometeorological observation stations from 1997
to 2013 were sourced from the China Meteorological Data Network.

Production data were collected from the “Decadal Data Set of China’s Crop Yield
Data” and collated by the China Meteorological Administration, then extracted from
the China Meteorological Data Network, including the actual production data of
16 spring maize agricultural meteorological observation stations (ibid., Shapotou and
Xunyi) from 1997 to 2013. There were 272 spring maize data samples in total (sample
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number = 17 years x 16 sites); however, after excluding some missing data, the final
number of valid samples involved in the analysis was 190.

(4) The agrometeorological drought disaster data were obtained from the statistical results
of some documents and the “China Agrometeorological Disaster Data Set” collected
and sorted by the China Meteorological Administration and obtained by the China
Meteorological Data Network. In this study, a drought disaster record of the data
set at each agrometeorological observation station on the Loess Plateau region was
defined as a drought event. Drought disaster data for the stations and years not
recorded in the data set were supplemented by consulting relevant documents.

2.3. Research Methods
2.3.1. Relative Humidity of Soil (R)

The relative humidity of the soil (R) was calculated according to Equation (1).

R= () x 100% M
fe

where R is the relative humidity (%) of the soil, Wy is the soil weight water content (g/g),
and fc is the soil field water capacity (g/g).

2.3.2. Correlation Analysis

In this study, the Pearson correlation coefficient between the relative soil humidity
and the production of spring maize in each ten-day growth period was calculated to reveal
the influence of relative soil humidity on production in different development periods. The
correlation was calculated according to Equation (2).

Cov(a,b)

v(ab) = Var[a]Var[b]

@

where y(a, b) is the correlation coefficient of a and b, Cov(a, b) is the covariance of a and
b, Var|a] is the variance of a, Var[b] is the variance of b, and the value range of correlation
coefficient vy is [—1, 1]; if v > 0, it means that there is a positive correlation between the
two variables.

2.3.3. Yield Reduction Rate

The difference between the annual actual output and the trend output was the negative
value of the percentage of the trend output (%). Many methods can be used to calculate the
production reduction rate. If the data skip a long time, the trend production method could
be used. Generally, this method is more accurate. If the span of the data is short (less than
15 years) and the trend production cannot be calculated, the average method could be used.

(1) Trend production method [18]
Trend production was calculated according to Equation (3).

Y-y

W =
Y}

X 1000/0(Y < Yt) 3)

where W is the production reduction rate, Y is the actual production, and Y; is the
trend mean.

(2) Mean method [19]
Trend production was calculated according to Equation (4).

Y-Y

t

W= —

xlOG%(Y<<Y) )
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where W is the production reduction trend, Y is the actual production, and Y is the
average production.

Light drought refers to a reduction of less than 10%, moderate drought refers to a 10%
< W < 20% reduction, severe drought refers to a 20% < W < 30% reduction, and extreme
drought refers to a >30% reduction.

2.3.4. Frequency of Drought

The drought frequency was calculated according to Equation (5). If the total number
of years of crop planting was N at a certain site, i, and the number of years of drought
in a certain growth period was n, then the frequency of drought occurrence, F;, could be
expressed as:

n
F = — x100%
; NX 00% (5)

2.3.5. Comparison with National Standards

In the verification process, the new drought classification results were compared
with the national standards. The comparing results were divided into three categories,
namely, compliance (where the drought level of the two treatments was consistent), basic
compliance (where the difference between the two treatments was one level), and non-
conformance (where the difference between two treatments was greater than two levels).
Using the statistics of the three categories, the percentage of the number of time periods
that agreed over the total number of time periods was the compliance rate.

3. The Impact of Climate Change on the Growth Period of Spring Maize in the Loess Plateau
3.1. Temporal Changes in Key Growth Periods of Spring Maize on the Loess Plateau

The changes in the growth period of spring maize have altered the length of its
nutritional and reproductive growth periods, resulting in changes in the water and heat
conditions experienced by spring maize during the important stage of yield formation.
This study used data of the spring maize growth period observed by 18 agricultural
meteorological stations on the Loess Plateau from 1997 to 2013, and average values of the
spring maize growth period in three regions of the Loess Plateau from 1997 to 2013 were
calculated using the partitioning method depicted in Figure 1.

As shown in Figure 2, the multi-year average sowing date of spring maize in Zone
Ir was 9 April. The earliest was 2 April and the latest was 28 April. The average maturity
date was 15 September, the earliest was 7 September, and the latest was 28 September. The
number of days in the whole growth period (seeding—maturity period) was the shortest in
2013: 144 days. The longest period, in 2010, was 173 days. The number of days in the whole
growth period tended to be longer. There were different degrees of delay from sowing to
maturity. It can be seen in Figure 2b that the multi-year average sowing date of spring
maize in Zone II of the Loess Plateau was 26 April, the earliest was 18 April, and the latest
was 5 May. The average maturity date was 10 September, the earliest was 2 September, and
the latest was 23 September. The number of days in the whole reproductive period was
the shortest in 2002, 127 days. The longest year in 2009 was 147 days. The number of days
in the whole growth period showed a trend of lengthening, and the inter-annual changes
in the growth period in Zone II and Zone I was similar, with a trend of postponing from
the sowing period to the mature period of spring maize. Figure 2c shows that the annual
average sowing date of spring maize in Zone III of the Loess Plateau was 26 April, the
earliest was 20 April, and the latest was 2 May. The average maturity date was September
18, the earliest was September 11, and the latest was 28 September. The number of days in
the whole reproductive period was the shortest in 2001, 139 days, while the longest was
2013: 156 days. The sowing date, tasseling date, and ripening date exhibited a tendency to
delay, and the emergence, jointing, and milk ripening dates were becoming earlier, although
the trend was not significant. Figure 2d shows that the average sowing date of spring maize
in the whole region was 24 April, the earliest was 17 April, while the latest was 28 April.
The multi-year average maturity date was 16 September, the earliest was 11 September,
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and the latest was 23 September. The shortest maturity in the whole reproductive period
was 142 days, and the longest was 150 days.
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Figure 2. Temporal variation in spring maize growth periods on the Loess Plateau.

3.2. Spatial Distribution of Key Growth Periods of Spring Maize on the Loess Plateau

Figure 3 shows the spatial distribution of the average value (1997-2013) of the Julian
date of sowing, emergence, jointing, tasseling, maturity, and the whole growth periods of
spring maize on the Loess Plateau.

M
A () Svwing siage

{b) Embryunic growih stage (¢} Elungation stage

Sowing saage (day) Frnbryvomic srowth siaze (day) Elomgation stage (day)
95-108 105-115 @ 15125 ns 1z @ 1zo-130 @ 130140 165-175 @ 175150 @ (80190
(d) Taszeling atage
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1wsao0 @ 200205 @ 205210 245255 @ 255205 @ 265273 125140 @ 140155 @ 155170

Figure 3. Spatial distribution of daily sequence averages of critical fertility stages of spring maize on
the Loess Plateau.
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Figure 3 shows that the sowing period of spring maize was gradually postponed from
west to east, with Ningxia and Qinghai concentrated in early April, Gansu and central
Shaanxi mainly in mid-to-late April, and Shanxi and northern Shaanxi mainly in late April
to early May. The emergence period also showed a delay in the east-west direction, i.e., the
emergence period gradually became later from west to east, and the emergence date was
mainly from late April to early May. The jointing period of spring maize was postponed
from west to east in mid-June to early July. The jointing period of spring maize in Shanxi
and Shaanxi was generally later, mainly distributed in late June to early July. The tasseling
stage and jointing stage demonstrated the same pattern, gradually becoming later from
west to east, concentrated in mid-to-late July. The maturity period was mainly from early
to late September. The number of days during the entire growth period was the shortest
in the central region of the Loess Plateau (less than 140 days), the longest in the western
region (155-170 days), and the longest in the eastern region.

4. Effects of Relative Soil Humidity on Spring Maize Production

The whole growth period of maize can be divided into the vegetative growth stage
(seeding stage—jointing stage), transitional stage (jointing stage-tasseling stage), and repro-
ductive growth stage (tasseling stage—mature stage). The results showed that the water
demand for maize growth at the seedling stage is low. If drought occurs at the vegetative
growth stage, the conditions will be better at the later stage, and the crops will exhibit
characteristics of recovering or compensating for these effects, which would have a minor
impact on the growth of spring maize. If drought occurs in the reproductive growth stage
of maize, after the jointing stage, especially in the early stage of reproductive growth, even
if the water conditions improve in the later stage, it will have a considerable impact on the
growth of maize: the harvest could even fail [19,20]. We determine the key growth period
of spring maize by analyzing the relationship between relative soil humidity and yield of
spring maize in different periods on the Loess Plateau.

Due to the long duration of each growth period of maize, in order to more accurately
determine the key period for the effects of relative soil humidity on the growth and devel-
opment of maize, this study analyzed the correlation between the relative soil humidity
and yield in the whole growth period of maize. Figure 4 shows the correlation coefficient
between relative soil humidity and the production of spring maize in different growth
stages on the Loess Plateau. Figure 4 shows that the relationship between relative soil
humidity and production was the best in May;, late June, early July, and September. The
relative soil humidity at each depth passed the 0.05 significance test, and the relative soil
humidity at each depth in early July and early September passed the 0.01 significance test.
In addition, the relative humidity of 50 cm soil passed the 0.05 significance test in mid-
and late July, and the relationship between the relative humidity of 10 cm and 20 cm soil
and production passed the 0.01 significance test in late August. From the growth period
perspective, the relationship between relative soil humidity and production at each depth
from jointing stage to mature stage passed the 0.05 significance test, and the soil depth at
jointing stage and heading stage passed the 0.01 significance test. The results showed that
the relative humidity of soil at the jointing and heading stages of spring maize had the
best correlation with yield, which was superior to the relative humidity at other growth
stages, followed by the milky and mature stages, and the relative humidity of soil at the
sowing and seedling stages had little impact on the yield. According to previous research
results [20,21], tasseling—milking is the reproductive growth stage of maize and the key
period of maize growth and development, which was similar to the results of this study.
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Figure 4. Correlation coefficients between relative soil humidity and yield at different fertility stages
of spring maize on the Loess Plateau.

5. Construction of Refined Drought Indicators for Spring Maize at Different Growth
Stages on the Loess Plateau

5.1. Revision of Refined Drought Indicator of Spring Maize at Different Growth Stages

Table 1 details the “Drought Grade of Northern Spring Maize (QX/T259-2015) ” [22]
issued by the China Meteorological Administration, which presents the standards of relative
soil humidity drought grades in different growth periods of maize; the standard of maize
in all growth periods was the same in all regions. The standard of relative soil humidity
drought grade in different growth periods of maize was correlated to the region and local,
in order to make the standard of drought grade of spring maize on the Loess Plateau more
accurate. Refined revisions needed to be made based on drought and disaster data from
various regions and maize yield reduction rates. This study used the actual observation
data of relative soil humidity, maize yield, and drought disasters from 16 spring maize
agricultural meteorological observation stations on the Loess Plateau from 1997 to 2013 to
analyze the impact of relative soil humidity on maize growth, development, and yield year
by year. The standard compliance rate of relative soil humidity on drought disaster record
data was tested, and the drought grade index of relative soil humidity at different growth
stages of maize at this station was revised. The results are shown in Table 2. The relative
soil humidity data of spring maize used in the study showed that the average relative
humidity was 0-20 cm during the sowing emergence period, and the average relative soil
humidity was 0-50 cm during other growth periods [21].

Table 2. Drought rating criteria for relative soil humidity at different fertility stages of maize.

. Drought Relative Soil Humidity at Different Stages (%)
Station Categories
Sowing-Seedling  Seedling-Jointing Jointing-Tasseling Tasseling-Milking ~ Milking-Maturing

Drought-free R>70 R >80 R>70 R>75 R>70
Light drought 60<R <70 70<R <80 60<R <70 65 <R <75 60<R <70
Minhe l\gfgjéi‘fte 40<R <60 60 <R <70 50 <R < 60 55 <R <65 50 <R < 60
Severe drought 30<R <40 50 <R <60 40<R <50 45<R <55 40<R <50

Extreme drought R <30 R <50 R <40 R <45 R <40

Drought-free R>70 R>75 R>60 R>70 R>75
Light drought 60<R <70 65 <R <75 50 <R <60 60<R <70 60<R <75
Pingluo l\gfgjéﬁtf 40 <R < 60 55 <R < 65 40 <R < 50 40 <R <60 40 <R < 60
Severe drought 30<R <40 45 <R <55 35<R <40 30<R <40 30<R <40

Extreme drought R <30 R <45 R <35 R <30 R <30
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Table 2. Cont.

Stati Drought Relative Soil Humidity at Different Stages (%)
ation Categories . . . . . . . 11 11 N
Sowing-Seedling Seedling-Jointing Jointing-Tasseling Tasseling-Milking Milking-Maturing
Drought-free R>60 R > 60 R>50 R >50 R>60
Light drought 53 <R <60 50 <R <60 40<R <50 40 <R <50 55 <R < 60
Suozhou I‘g;’gjéitf 45 <R <53 40 <R < 50 35 <R < 40 35 <R < 40 40 <R < 55
Severe drought 40<R <45 30<R <40 30<R <35 30<R <35 35<R <40
Extreme drought R <40 R <30 R <30 R <30 R <35
Drought-free R>65 R>65 R>60 R>70 R>65
Light drought 60 <R <65 60 <R <65 50 <R <60 60<R <70 55 <R < 65
Baota I‘g;’gjéitte 40 <R < 60 50 <R < 60 40 <R < 50 40 <R < 60 45 <R < 55
Severe drought 35<R <40 45 <R <50 35<R <40 30<R <40 35<R <45
Extreme drought R<35 R <45 R<35 R <30 R<35
Drought-free R>62 R>65 R>59 R>58 R>68
Light drought 60 <R <62 62 <R <65 57 <R <59 55 <R < 58 65 <R <68
Fanshi I‘gggjéitte 55 <R < 60 60 <R < 62 50 <R < 57 50 <R < 55 60 <R < 65
Severe drought 40<R <55 45 <R <60 45 <R <50 45 <R <50 50 <R <60
Extreme drought R <40 R <45 R <45 R <45 R <50
Drought-free R> 63 R>65 R>70 R>75 R>75
Light drought 55 <R <63 60 <R <65 68<R <70 65<R <75 70<R <75
Xiyang l\gfjjéitte 45 <R < 55 55 <R < 50 55 <R < 68 55 <R < 65 60 <R <70
Severe drought 40<R <45 50 <R <55 45<R <55 45 <R <55 50 <R <60
Extreme drought R <40 R <50 R <45 R <45 R <50
Drought-free R > 65 R > 65 R >60 R > 55 R > 60
Light drought 60 <R <65 55<R <65 55 <R < 60 50 <R <55 56 <R < 60
Xifeng l\gggjé‘i‘fte 55 <R < 60 50 <R <55 50 <R < 55 45<R <50 53 <R <56
Severe drought 45 <R <55 45 <R <50 45 <R <50 40<R <45 50<R <53
Extreme drought R <45 R <45 R <45 R <40 R <50

Due to the complex of reasons for the annual yield reduction, the maize yield reduction
rate was calculated year by year for each station, and the relative soil humidity during the
maize growth period was also calculated. According to the annual drought disaster records
of each agricultural meteorological observation station on the Loess Plateau recorded
in the Ten-day Data Set of China’s Agrometeorological Disasters collected and collated
by the China Meteorological Administration (a drought disaster record is defined as a
drought event, and the drought disaster data of stations and years not recorded in the data
set are supplemented by consulting the relevant literature), it was determined whether
drought occurred in a certain year. The reduction in maize production that year was
identified as a result of drought. Although there may be some errors in reductions in maize
production caused by drought in dry years, as well as other factors, it could generally be
considered in agricultural meteorological research that this reduction in maize production
was caused by drought.

Due to the change in relative soil humidity observation method, the time period of
relative soil humidity recorded by the agrometeorological observation stations in the China
Meteorological Data Network was restricted within the years 1997-2013. It was reasonable
and effective to determine the drought index of spring maize refinement suitability on the
Loess Plateau with a time span of 17 years. The change in relative soil humidity was slow,
and the ten-day data were reasonable and effective.

According to the relative soil humidity and production data of 18 spring maize agrom-
eteorological observation stations on the Loess Plateau from 1997 to 2013, the production
reduction rate of maize was calculated year by year. Although the yield of maize in
12 stations decreased, the relative soil humidity in each growth period of maize did not
meet the drought category standards of relative soil humidity in different growth periods
of maize specified in the Drought Category of Spring Maize in the North (QX/T 259-
2015). It could be considered that the maize production reductions were not caused by
drought [23]. There were seven stations (Minhe, Pingluo, Shuozhou, Baota, Fanshi, Xiyang,
and Xifeng) at which the maize yield reduction rate corresponded to the drought standards
of relative soil humidity. The Drought Category of Spring Maize in North China (QX/T
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259-2015) was revised by combining the yield reduction rate and the drought disaster data
on the Loess Plateau.

According to the statistics of relative soil humidity and production data of 18 spring
maize agrometeorological observation stations on the Loess Plateau from 1997 to 2013,
the production reduction rate of maize was calculated year by year [24]. Although the
production of maize in 12 stations decreased, the relative soil humidity in each growth
period of maize did not meet the drought category standard of relative soil humidity in
different growth periods of maize specified in the Drought Category of Spring Maize in
the North (QX/T 259-2015). It could be considered that the maize production reductions
were not caused by drought. There were seven stations (Minhe, Pingluo, Shuozhou, Baota,
Fanshi, Xiyang, and Xifeng) at which the maize yield reduction rate corresponded to the
drought standard of relative soil humidity. The Drought Category of Spring Maize in North
China (QX/T 259-2015) was subsequently revised by combining the production reduction
rate and the drought disaster data on the Loess Plateau.

The indexes of drought-free and light drought in the seed—seedling stage and milk-maturing
stage after revision in Pingluo increased by 5-10% compared with the original national
standard value, and the indexes of moderate drought, severe drought, and extreme drought
decreased by 5% compared with the original national standard value. The drought indexes
of emergence and jointing increased by 5% compared with the original national standard
values. The drought indexes of jointing—tasseling and tasseling—milking decreased by
5-10% compared with the original national standard values. Compared with the origi-
nal national standard value, the indicators of drought-free, light drought, and moderate
drought in Shuozhou decreased by 2-5%, and the indicators of severe drought and extreme
drought increased by 5%. The drought indexes of jointing—tasseling and tasseling—milking
decreased by 10-25% compared with the original national standard values. The drought in-
dexes of the seedling—jointing stage and milk-maturing stage were the same as the national
standard. The drought indexes in the periods of sowing—emergence, jointing-tasseling,
and tasseling-milking in Baota decreased by 5-15% compared with the original national
standard. The drought index in the period from seedling emergence to jointing increased
by 5-15% compared with the original national standard value. The drought index of the
milk-ripening period was the same as the national standard. The drought indexes of
the seed—seedling stage, jointing-tasseling stage, and tasseling—milking stage in Fanshi
decreased by 3-17% compared with the original national standard values. The drought
indexes of the seedling—jointing stage and the milk-maturing stage increased by 3-15%
compared with the original national standard values. Compared with the original national
standard values, the indexes of drought-free and light drought in the seed-seedling stage
and milk-maturing stage in Xiyang decreased by 2-15%, and the indexes of moderate
drought, severe drought, and extreme drought increased by 5-15%. The drought indexes of
the seedling—jointing stage and jointing-tasseling stage increased by 3-20% compared with
the original national standard value. The drought index in the period from tasseling to milk-
ing was the same as the national standard. The drought indexes of the Xifeng seed—seedling
stage and the seed—jointing stage increased by 10-25% compared with the original national
standard value. The drought indexes of the jointing—tasseling stage, tasseling—milking
stage, and milking-ripening stage decreased by 3-20% compared with the original national
standard values.

In summary: (1) the drought standard value of relative soil humidity had increased by
3-25% at 71.4% of the stations in the seed—seedling stage and at 85.7% of the stations in the
seed—jointing stage, which indicates that the national standard index of this growth period
underestimates the drought category and the disaster degree of drought; (2) the drought
standard value of relative soil humidity had decreased by 3-25% at 27.1% of the sites in the
jointing—tasseling stage and at 71.4% sites in the tasseling-milking stage, indicating that the
national standard index of this growth period overestimates the disaster degree of drought.
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5.2. Reclassification of the Drought Index of Spring Maize on the Loess Plateau

Using the yield reduction rate and drought disaster data, we validated the revised
relative soil humidity drought category standard for spring maize at different growth
stages at seven stations (Minhe, Pingluo, Xifeng, Baota, Shuozhou, Fanshi, and Xiyang).
The validation period of this study was 1997-2013, a total of 17 years, and each year was
divided into five fertility stages, a total of 85 periods. During the validation process, the
compliance was divided into three types, namely, compliance (where the drought level
of the two is the same), basic compliance (where the difference between the two is one
level), and non-conformance (where the difference between the two is two levels or more).
Through the statistics of the three cases, the percentage of time periods satisfying the three
cases in the total number of time periods was obtained; then, the changes in percentages
before and after category correction were compared (Figure 5).
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Figure 5. Compliance rate of drought-level criteria for soil moisture at different growth periods of
maize on the Loess Plateau (%).

Figure 5 shows that the compliance degree of the relative soil humidity suitability
index after correction had been significantly improved, and the compliance rate of each
station category had increased by 8.2-20%, with Pingluo and Fanshi exhibiting the most
obvious improvement in the compliance rate. Non-conformance rates of each station
decreased by varying degrees, among which the rate of non-compliance at Shuozhou
decreased the most, reaching 21.7%, and the rate of non-compliance at Fanshi decreased
the least, by only 6.3%. After correction of the index category, the proportion of actual
drought at the seven stations in line with the calculated results was significantly increased,
while the proportion of non-conformity was significantly decreased. This showed that the
revised category was more suitable for the study areas and could be used as the drought
grading for studying the different growth stages of spring maize on the Loess Plateau.

5.3. Individual Validation of the Drought Index

Taking Shuozhou, Shanxi Province, as an example, the drought disaster data showed
that moderate drought occurred in spring corn in July 2005, light drought occurred in
spring maize in August 2008, and severe drought occurred in spring maize in 2010. The
drought was judged using the revised relative soil humidity drought category standard,
as shown in Table 3, and the drought degree of the corresponding growth period in the
drought month was reduced, which was more in line with the actual drought situation.
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Table 3. Drought disaster data and relative soil humidity drought level determination in Shuozhou
(before/after revision).

Actual Drought Conditions Jointing-Tasseling Tasseling-Milking

Extreme
July 2005, Moderate Drought Drought/Severe Drought
) Extreme
August 2008, Light Drought Drought/Light Drought
Extreme

July 2010, Severe Drought Drought/Severe Drought

6. Spatial Distribution of Spring Maize Drought Frequency on the Loess Plateau

According to the revised drought category standard of relative soil humidity of spring
maize at different growth stages in different regions of the Loess Plateau, the occurrence
frequencies of drought and above-drought events in 18 stations from 1997 to 2013 were
calculated, and spatial distribution maps of the frequency of drought occurrence in different
growth stages of spring maize on the Loess Plateau was obtained (Figure 6).
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Figure 6. Spatial distribution of drought frequency in different growth stages of spring maize in the
Loess Plateau.

Figure 6 shows that drought in the emergence period mainly occurred in central and
southern Shaanxi, northern Shanxi, central and eastern Gansu, and some regions of Qinghai
Province, with a frequency of 25-75%. The maximum drought frequency was 75%, which
occurred in pagodas. Figure 6b indicates that drought in the emergence and jointing stage
mainly occurred in central Shaanxi, northeastern Shanxi, central and eastern Gansu, and
some regions of Qinghai Province, with the drought frequency reaching 10-53%. The
maximum drought frequency occurred in Xifeng: approximately 53%.

Figure 6¢c shows that the high-frequency drought area in the jointing-tasseling period
was concentrated in the eastern part of the Loess Plateau, with a frequency of 20-41%,
and drought occurred in other areas at a frequency below 20%, characterized by higher
frequency in the east and lower frequency in the west. Figure 6d shows that drought in
the period from tasseling to milking mainly occurred in central Shaanxi, eastern Shanxi,
and most of Gansu, with a frequency of 6-41%. The maximum drought frequency occurred
in Xi County: approximately 41%. Figure 6e shows that the high drought frequency in
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the milky and mature period occurred in the northeast of the Loess Plateau; the drought
frequency in Xiyang and Changzhi was about 42%; and the drought frequency in other
regions was 8-33%, occupying a large area of the Loess Plateau. The overall characteristics
of high drought frequency in the northeast and low drought frequency in the central and
western regions were presented. With the change in growth period, the area of high drought
frequency gradually moved northward, the overall drought frequency decreased, and the
degree of drought decreased. Ningxia Province did not exhibit obvious drought in each
growth period; the overall occurrence frequency of each growth period was high in the east
and low in the west.

7. Conclusions

We used the relative soil humidity and yield data at stations on the Loess Plateau for
spring maize growth periods from 1997 to 2013 to refine the drought categories based on
the yield reduction rate. The findings are as follows:

(1) The multi-year average sowing date of spring maize on the Loess Plateau in Zone I
was 9 April, whereas that in Zone II and Zone III was 26 April. The growth period of
spring maize was mainly delayed—the delaying trend of the tasseling and maturity
period was significant—and the number of days the whole growth period of spring
maize lasted was prolonged. In terms of spatial distribution characteristics, it was
shown that the east-west direction of each growth period was delayed, and gradually
become later from west to east.

(2) The relative soil humidity in May and September had a significant impact on the yield
of spring maize. The soil depths in the jointing and heading stages of spring maize
before and after July passed the 0.01 significance test; the relative soil humidity in the
jointing and heading stages of spring maize exhibited the best correlation with the
yield, which was superior to the relative humidity in other growth stages, followed
by the milky and mature stages; and the relative soil humidity in the sowing and
seedling stages had a minor impact on the yield.

(3) Based on the yield reduction rate of spring maize on the Loess Plateau, the original
national drought standard was revised, and the drought categories of the relative
soil humidity of spring maize were derived. The results showed that the relative soil
humidity index of spring maize in each growth period increased or decreased by
different degrees at each station, and the category at each station fluctuated within
25% compared with the national standard. Through the verification of the compliance
rate of the drought index category standard and individual cases, it was shown that
the relative soil humidity drought category classification standard of each station
determined in this study can better indicate the severity of agricultural drought on
the Loess Plateau. After correction, the compliance rate of the relative soil humidity
suitability index was significantly improved, and the compliance rate of each station
category was increased by 8.2-20%, with the most obvious changes in the compliance
rate at Pingluo and Fanshi. Non-conformance rates of each station decreased by vary-
ing degrees, and the rate of non-conformance of the category at Shuozhou decreased
the most, reaching 21.7%. The revised category was more suitable for the study area,
and could be used for grading spring maize drought in different growth stages on the
Loess Plateau.

(4) The drought frequency on the Loess Plateau was determined using the revised stan-
dard of relative soil humidity drought categories of spring maize. The results showed
that moderate drought, severe drought, and extreme drought in the sowing and
seedling stage of spring maize on the Loess Plateau from 1997 to 2013 mainly occurred
in central and southern Shaanxi, northern Shanxi, central and eastern Gansu, and
parts of Qinghai. The drought frequency was 25-75%, and the maximum drought
frequency occurred in the pagoda of Gansu, which was 75%. With the change in
the growth period of spring maize, the area with high drought frequency gradu-
ally moved northward, the drought frequency decreased overall, and the degree of
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drought decreased. The drought frequency in most regions during the milk-ripening
period was less than 20%; the drought frequency in Xiyang and Changzhi in Shanxi
Province was about 42%.

8. Discussion

Liu Qingging [21] used the standardized precipitation evapotranspiration index (SPEI)
and soil moisture deficit index (SMDI) to analyze the spatial-temporal evolution of agricul-
tural drought and meteorological drought during the spring/summer maize growth period
in Northeast, Northwest, and North China. The research results indicate that there was a
certain degree of similarity in the spatiotemporal variation patterns of agricultural drought
and meteorological drought during the maize growth period in different regions, but there
were certain differences. Therefore, this study addressed the response law of yield-related
factors of maize on the Loess Plateau to drought, analyzed the impact of meteorological
and agricultural drought on maize growth and yield during the maize growth period,
determined the key months and time scales of drought’s impact on maize growth and
yield, and selected the drought indicators that were most suitable for reflecting maize yield
response and corrected them, which has practical application and promotion significance.

Yan C. et al. (2023) calculated the standardized precipitation evapotranspiration index
(SPEI) of maize growth periods at different scales based on measured meteorological data
from 32 meteorological stations in Shaanxi Province from 1971 to 2020. They analyzed
the spatiotemporal characteristics of drought in different maize growth periods and the
impact of drought on the meteorological yield of maize [25]. Research has shown that
the meteorological yield of maize is closely related to dry and wet conditions during the
flowering period; the maize yield in most regions of Shaanxi Province was considerably
affected by the dry and wet conditions throughout the entire growth period. Zhang X. F.
(2022) utilized the daily climate data of 156 meteorological stations in dry farming areas
of northern China from 1961 to 2018 and spring maize growth period data from 1991 to
2013, to divide the dryland area in northern China into four sub-areas according to their
aridity index. Based on the crop water deficit index (CWDI), the temporal and spatial char-
acteristics of spring maize drought in the dryland area of northern China were revealed by
analyzing water supply and demand, inter-annual variation in CWDI, drought station ratio,
and frequency. The results showed that in terms of spatial distribution, drought grade and
frequency showed an obvious east-west distribution [26]. This demonstrated that exploring
the temporal and frequency domain correlation between maize meteorological yield and
drought indicators in different regions, and finally quantifying the relationship between
dry and wet conditions and yield through regression analysis, could effectively provide a
reference basis for ensuring disaster prevention and reducing agricultural production in
the research area, as well as optimizing irrigation decision-making.
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