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Abstract: A method was put forward to identify the combined heat and drought (CHD) events
that occurred in summer and affected spring maize in Liaoning province. The spatial and temporal
characteristics of CHD and its effects on maize were evaluated based on daily meteorological data at
52 meteorological stations in Liaoning from 1961 to 2020, as well as agricultural data including details
of the maize development periods. The effects of CHD on the photosynthetic capacity of maize were
evaluated using SIF remote sensing data from 2001 to 2020. The differences in maize photosynthetic
capacity in the summers of 2009 and 2018 were compared in detail. The results show that from
1961 to 2020, the occurrence range, frequency, and severity of summer CHD events increased in
Liaoning. CHD events were more frequent in June/July, and higher-intensity CHD events were more
frequent in July/August. From 1961 to 2020, CHD events occurred in 69% of the years of reduced
meteorological yield, and reduced meteorological yield occurred in 41% of the years with CHD events.
Maize solar-induced chlorophyll fluorescence (SIF), an index of photosynthesis, was sensitive to
temperature (negatively correlated) and precipitation (positively correlated). The CHD events slowed
the increasing SIF from the three-leaf stage to the jointing stage, and they stopped the increasing SIF
or decreased it at the tasseling–flowering to silking stages. Therefore, maize photosynthesis may be
most sensitive to CHD during the flowering to silking stages, and CHD during the silking to milk
stages may have the greatest impact on maize yield. Understanding the effects of CHD on maize
growth/yield provides a scientific basis for reducing its negative impacts on maize production.

Keywords: drought; heat waves; maize; evaporative demand drought index; solar-induced
chlorophyll fluorescence

1. Introduction

In recent decades, agricultural production has been affected by adverse climatic
conditions and an increasing number of extreme weather events, some of which have led
to a significant decline in crop yield and quality and reduced production [1–3]. Global
climate change results in combinations of abiotic stresses that affect crop growth, among
which the combination of heat stress and drought stress is the most common [4,5]. Global
climate change has also led to increases in the frequency and severity of droughts and
heat waves, which pose great risks to global agricultural production and threaten global
food security [6]. The drought and heat events that swept Europe in 2003 resulted in a
30% decline in agricultural production [2]. The heat wave event in western Russia in 2010
caused a serious decline in grain production, and the yield of the wheat belt was less
than half that in the previous year [7]. In 2012, heat and drought stress increased the heat
sensitivity of maize growing on the Great Plains of the United States, resulting in a 20%
decrease in maize yield [3]. In the summer of 2022, the Yangtze River basin suffered the
strongest high-temperature and drought event in China since 1961, which affected more
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than 40,000 km2 of crops and severely affected crop production [8,9]. The global climate is
changing from one in which heat and drought rarely occur simultaneously to one where
large areas of crops are exposed to both stresses every year [10]. If heat waves are combined
with flash or long-term droughts, they have a devastating impact on agriculture and the
social economy [11].

Droughts and heat waves are often caused by similar weather circulation anomalies,
exacerbated by coupling with soil moisture and atmospheric factors [12]. The frequent
occurrence of hot weather affects precipitation, accelerates soil water evaporation, further
aggravates the severity of drought, and enhances the drought risk [13–15]. Crop yields
are reduced when drought and heat stresses occur simultaneously [12,16]. The effect of
combined heat and drought (CHD) events may be greater than the sum of the effects of
individual events [17,18]. On the one hand, leaf temperature is regulated to limit damage
under high temperatures by enhanced transpiration, although this accelerates water deficit
and aggravates drought [3]. On the other hand, the reduction in available water means that
the ability of crops to regulate temperature through evaporative cooling is limited, so crops
become even more vulnerable to damage caused by high temperatures [16]. To resist the
combined effects of high temperatures and drought, crops must balance stomatal responses
to prevent water loss and overheating [19]. Therefore, the combination of heat and drought
stress has more complex effects on crops than either of the single stresses. In the face of
frequent extreme weather events combined with high temperatures and drought, new
scientific questions are being raised and challenges are being put forward to understand
how the combination of heat and drought stresses affects crop growth, how to quantify
the impact on crops, and how to improve the adaptation of crops to these new extreme
climate conditions.

At present, there are few research studies on the indicators of combined agromete-
orological disasters. To date, the superposition and screening method of single disaster
indicators has usually been used to identify combined agrometeorological disasters [20–22].
There are many indices to identify a single drought, such as the standardized precipitation
evocation index (SPEI), Palmer drought severity index (PDSI), crop water deficit index
(CWDI), and evaporative demand drought index (EDDI) [23]. The evaporative demand
drought index (EDDI), based on atmospheric evaporation demand (E0), was proposed by
Hobbins et al. [24] and considers radiative forcing and stratosphere forcing in the evapora-
tion process. It provides continuous information about abnormal evaporation demand in a
certain region, and it has the ability to capture drought stress signals at different time scales.
For this reason, it is used for drought identification and early warning [25,26]. Compared
with other indices, EDDI has obvious advantages in analyzing the temporal variation in
drought. The growth of crops is sensitive to temperature changes, especially when we
consider thermophilic crops such as maize and rice. When the temperature exceeds a
threshold, the crops will be affected or even stop growing [27]. Daily mean temperature or
maximum temperature and the duration of high temperature are usually used as indicators
of crop heat events.

Maize (Zea mays L.) is the third most important grain in the world, after wheat and
rice, because it is one of the most diverse and versatile crops. Maize is grown under
a wide range of agricultural conditions [28]. Drought can limit the photosynthesis and
stomatal movement of maize, thus affecting its growth and physiological metabolism [29].
Long-term exposure of maize to temperatures above 35 ◦C is not conducive to growth, and
temperatures higher than 40 ◦C, especially during the flowering and filling stages, seriously
affect maize yield [30]. When drought and high temperatures occur simultaneously, the
growth and function of maize plants decrease rapidly. These combined stresses intensify
the effect on crop morphology and physiological characteristics [31]. Studies have shown
that the loss of grain yield caused by drought and heat waves in Europe is twice that of
non-grain crops [32]. Under an exceptional drought, maize yield in the United States would
have a 78.1% probability of loss risk, especially in the central and southeastern US [33].
CHD stress has reduced the maize yield in Northeast China by 18.75%, and the effect of



Atmosphere 2023, 14, 1397 3 of 37

the combined stresses is greater than that of drought or heat stress alone [34]. Although
there are many studies on CHD extreme weather events and their effects on crop yield,
few studies have assessed the comprehensive effects of these combined stresses on the
growth process of maize. In addition, the effect of these combined stresses on maize plants
at different development stages is still unclear. Understanding the effects of combined
stresses on the maize growth process will be helpful to improve the resistance of the maize
production system to the extreme climate under global warming.

Liaoning Province is one of the important grain production bases in Northeast China.
Droughts have occurred in most of the years when maize production was reduced [21].
To better understand how CHD stress affects maize growth, we put forward a method to
identify the CHD affecting spring maize in Liaoning, and we evaluated the characteristics
of CHD events over the past 60 years and their comprehensive effects on maize growth and
yield. Chlorophyll fluorescence parameters can characterize vegetation photosynthesis,
and research on this using remote sensing has developed rapidly in recent years. It has
been found via satellite remote sensing that solar-induced chlorophyll fluorescence (SIF)
is closely related to crop photosynthesis, and it can be used to monitor changes in the
physiological state and water stress [35]. We used EDDI to identify maize drought events,
daily maximum temperature and its duration threshold to identify maize heat events, and
SIF remote sensing data to monitor the effects of CHD on maize physiological processes.
We determined the temporal and spatial characteristics and trends in the occurrence of
CHD events, and we identified areas and development periods that have been severely
affected by CHD. These findings provide a scientific basis for preventing and alleviating
the negative effects of CHD events on maize production.

2. Materials and Methods
2.1. Materials

Daily meteorological data including average temperature, maximum temperature,
and precipitation collected at 52 meteorological stations in Liaoning Province from 1961 to
2020 (Figure 1), as well as agricultural meteorological data including details of the maize
development periods, were obtained from the Liaoning Meteorological Bureau. The maize
cultivation area and yield data were obtained from the Liaoning Provincial Bureau of
Statistics [36].

The solar-induced chlorophyll fluorescence (SIF) data were obtained from the National
Tibetan Plateau Data Center (http://data.tpdc.ac.cn/home, accessed on 31 July 2022),
with a spatial resolution of 0.05◦ and a temporal resolution of 8 days [37]. Based on the
SIF data from The TROPOspheric Monitoring Instrument (TROPOMI) on the Copernicus
Sentinel-5P mission, Chen et al. [27] reconstructed global TROPOMI SIF (RTSIF) over the
2001–2020 period in clear-sky conditions with a high spatio-temporal resolution by using a
machine learning method. In this study, ArcGIS software (V9.3, Environmental Systems
Research Institute, Inc., Redlands, CA, USA) was used to perform regional extraction,
spatial analysis, and mathematical calculations on the RTSIF dataset. We extracted SIF
information from the global RTSIF dataset every 8 days during summer (June–August)
from 2001 to 2020 in Liaoning Province and its maize-growing areas.

2.2. Methods
2.2.1. Drought Identification Method

The EDDI is obtained by sorting the cumulative value of evaporative demand (E0) in a
set time scale, constructing the distribution probability of E0, and normalizing it. The EDDI
calculated using the non-parametric method based on ranks can be compared with other
standardized indices such as SPEI. E0 is estimated with the Penman–Monteith model. The
specific calculation for EDDI is described in detail elsewhere [24,25].

In our study, the daily EDDI of 52 meteorological stations in Liaoning Province from
1961 to 2020 was calculated on a two-week time scale. That is, the daily EDDI represents
the drought situation in the past two weeks. The percentile values of EDDI in a time series
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are used to classify drought categories. The higher the EDDI percentile value, the worse
the drought. EDDI percentiles greater than 70% are divided into five drought categories,
as follows: slight drought 70–80%, moderate drought 80–90%, severe drought 90–95%,
extreme drought 95–98%, and exceptional drought >98% [26].
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Figure 1. Distribution of 52 meteorological stations and maize cultivation areas in Liaoning
Province, China.

2.2.2. Method for Identifying Heat Events

The occurrence of high-temperature events is not only related to high temperature
intensity but also to duration [27]. According to the local standard of Liaoning Province,
“DB21/T 2014–2012 Meteorological disaster definition and classification”, the weather
process with a daily maximum temperature greater than or equal to 33 ◦C and lasting for
3 days or more is defined as high temperature, which is applicable to Liaoning Province [38].
Guo et al. [39] considered that the upper limits of the maximum temperature of spring maize
in the seedling stage, vegetative growth stage, vegetative and reproductive development
stage, flowering–filling stage, and filling–maturing stage in Northeast China under high-
yield conditions were 27 ◦C, 30 ◦C, 33 ◦C, 32 ◦C, and 30 ◦C, respectively. The maximum
daily temperature of 33 ◦C was taken as the high-temperature threshold of spring maize
with reference to the upper-limit temperature of each growing stage of maize. Therefore, a
daily maximum temperature greater than or equal to 33 ◦C for 3 or more consecutive days
was defined as a heat event for Liaoning spring maize.

2.2.3. Identification of CHD Events

The above-mentioned methods were used to identify drought and heat events, re-
spectively. A CHD event was recorded if the meteorological station experienced both a
drought and a heat event in one month. The results of EDDI’s drought classification reflect
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the agricultural drought caused by the combined drought and heat stress. Therefore, we
divided the CHD events into five categories, which are the same as EDDI’s classification of
five drought categories. If there is no heat event at a meteorological station in one month, it
records no CHD. According to the drought classification, the CHD events were divided
into five categories, as follows: slight CHD, moderate CHD, severe CHD, extreme CHD,
and exceptional CHD.

The heat events and drought events that occurred in summer from 1961 to 2020
at 52 meteorological stations were identified. Heat and drought events that occurred
simultaneously at a station in a certain year and month were recorded as CHD events. The
CHD events at 52 meteorological stations in the past 60 years were summarized.

The proportion of the number of stations recording CHD events out of the total stations
(IOC) in a given period in a year indicated the occurrence range of CHD in the region
with regard to temporal variation. The disaster occurrence range was divided into local,
regional, and large-scale categories, with corresponding IOC values of ≤0.2, 0.2–0.5 and
>0.5, respectively [21,22]. The frequency (P, %) described the spatial characteristics of
disasters and was calculated as the proportion of years with a CHD event in a given period
out of the total years.

2.2.4. Simulation of Meteorological Yield and Yield Reduction in Maize

Based on the maize per unit yield (dry weight) in Liaoning from 1961 to 2020, a
quadratic polynomial was used to simulate the trend in maize yield (decision coefficient
R2 = 0.81). The meteorological yield was determined by separating maize per unit yield.
Then, the meteorological yield reduction rate, that is, the yield reduction rate caused by
meteorological conditions, was calculated as follows:

Yt = −0.1852x2 + 19.448x + 118.81 (1)

Yw = Ya − Yt (2)

∆Y = Yw/Yt (3)

where Yt is the maize yield trend (g/m2); x is the year number in a time series (1, 2...); Yw is
the meteorological yield (g/m2); Ya is the actual maize yield (g/m2); and ∆Y is the yield
reduction rate based on meteorological yield (%).

2.2.5. Average Multi-Year Growth Date of Maize

The annual growth period of maize was determined based on 5 climatic zones of
Liaoning, namely eastern Liaoning, western Liaoning, southern Liaoning, northern Liaon-
ing and central Liaoning. The long-term mean duration of the maize growth period in
different climatic regions of Liaoning was calculated from 1991 to 2020 [21,40]. The average
growth periods of maize (three-leaf stage, seven-leaf stage, jointing stage, heading stage,
flowering stage, silking stage and milk stage) in June, July, and August in Liaoning Province
are shown in Figure A1.

2.2.6. Correlation Analysis and T-Test Analysis

The relationship between the X and Y factors of each pixel was analyzed using Pear-
son’s correlation analysis method, using the following formula:

rxy =
∑n

i=1
(
xi − X

)(
yi − Y

)√
∑n

i=1
(
xi − X

)2
√

∑n
i=1
(
yi − Y

)2
. (4)

where rxy is the correlation coefficient; n is the time series; xi and yi are the values of X and
Y, respectively (X and Y are two factor sequences) in year i; and X and Y are the average
values of the sequences X and Y, respectively.

The T-test method was used to test the significance of the IOC variation trend. For
these analyses, we used IBM SPSS Statistics software (V25, International Business Machines
Corporation, Armonk, NY, USA).
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3. Results
3.1. Temporal and Spatial Characteristics of Combined CHD Events in Summer over 60 Years
3.1.1. Annual Variation Characteristics

From 1961 to 2020, the IOC values in June, July, and August showed an upward
trend. T-test results showed that IOC values in June, July and August all experienced a
significantly increasing trend over the past 60 years (at p < 0.05 level). Out of the past
60 years, in June, there were 3 years with large-scale CHD events (IOC > 0.5), 7 years with
regional CHD events, 26 years with local CHD events, and a remaining 24 years with no
CHD events (Figure 2a). In July, there were 4 years with large-scale CHD events, 6 years
with regional CHD events, 23 years with local CHD events, and a remaining 27 years
with no CHD events (Figure 2b). In August, there were 2 years with large-scale CHD
events, 7 years with regional CHD events, 26 years with local CHD events, and a remaining
25 years with no CHD events (Figure 2c).

Before 1996, there were no large-scale CHD events, only regional or local CHD events.
After 1996, there was a range of large-scale CHD events occurring in June, July, and August
(Table 1). The average IOC values in June, July, and August during the 60-year period were
0.10, 0.12, and 0.09, respectively. The month with the highest average occurrence range was
July, followed by June. Against a background of climate change, the occurrence of CHD
events showed an increasing trend in summer (June to August) in Liaoning Province over
the 60-year period.

Table 1. Years in which large-scale and regional CHD events occurred in Liaoning Province, China.

Type Large-Scale Regional

June 2000, 2001, 2017 1962, 1965, 1982, 1994, 1997, 2004, 2007
July 1997, 1999, 2000, 2020 1962, 1972, 1994, 2017, 2018, 2019

August 2009, 2018 1968, 1982, 1988, 1989, 1997, 2014, 2016

In June, regional CHD events in the exceptional category occurred in 1997, 2000, and
2001, with IOC values of 0.31, 0.37, and 0.38, respectively. Regional CHD events in the
moderate category occurred in June 2017, with an IOC value of 0.23. If they occurred, the
scale of CHD events was local in June of the other years (Figure 3a).

In July 2000, there was a large-scale CHD event in the exceptional category, with an
IOC value of 0.69. In July, regional CHD events in the exceptional category occurred in 1972,
1997, 1999, 2018, and 2020, with IOC values of 0.40, 0.42, 0.42, 0.31, and 0.48, respectively.
In July 1994, there was a regional CHD event in the moderate category, with an IOC value
of 0.29. If they occurred, the scale of CHD events was local in July of the other years
(Figure 3b).

In August 2009 and 2018, there were large-scale CHD events in the exceptional cate-
gory, with IOC values of 0.58 and 0.83, respectively. In August, regional CHD events in the
exceptional category occurred in 1968, 1989, and 2014, with IOC values of 0.37, 0.29, and
0.23, respectively. In August 2021, there was a regional CHD event in the severe category,
with an IOC value of 0.21. If they occurred, the scale of CHD events was local in August of
the other years (Figure 3c).

The occurrence range of exceptional CHD events was generally wider than that of
CHD events in other categories, indicating that maize was likely to suffer from exceptional
extreme drought once a CHD event occurred. In June, there were three exceptional CHD
events and one moderate CHD event at the regional level, but no large-scale CHD events
in other categories. In July, there was one exceptional CHD event at the large scale, five
exceptional CHD events at the regional level, and one moderate CHD event at the regional
level. In August, there were two exceptional CHD events at the large scale, two exceptional
CHD events at the regional level, and one severe CHD event at the regional level. The
occurrence range of exceptional CHD events was wider in July and August than in June.
The IOC value of exceptional CHD events showed an increasing trend from June to August,
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indicating that the intensity of CHD events increased under climate change during the
60-year period.
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3.1.2. Spatial Distribution Characteristics

In June, during the 60-year period, six sites had a CHD event frequency higher than
20%, 10 sites had a CHD event frequency ranging from 10% to 20%, and the remaining
36 sites had a CHD event frequency lower than or equal to 10% (Figure 4a). For exceptional
CHD events, there was one site with a frequency ranging from 10% to 20%. For severe CHD
events, there were two sites with a frequency ranging from 10% to 20%. For moderate CHD
events, there were four sites with a frequency ranging from 10% to 20%. The frequency in
each category at the other sites was low (≤10%) (Figure A2f–j).
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In July, during the 60-year period, six sites had a CHD event frequency higher than
20%, 16 sites had a CHD event frequency ranging from 10% to 20%, and the frequency at
the other 30 sites was low (≤10%) (Figure 4b). For exceptional CHD events, there were
13 sites with a frequency ranging from 10% to 20%. For severe CHD events, there was
one site with a frequency ranging from 10% to 20%. For moderate CHD events, there were
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two sites with a frequency ranging from 10% to 20%. The frequency of events in each
category at the other sites was less than or equal to 10% (Figure A2f–j).

In August, during the 60-year period, 6 sites had a CHD event frequency higher than
20%, 9 sites had a CHD event frequency ranging from 10% to 20%, and the remaining
37 sites had a CHD event frequency lower than or equal to 10% (Figure 4c). For exceptional
CHD events, there were 3 sites with the frequency ranging from 10% and 20%, and the
frequency of other sites in each category was low (≤10%) (Figure A2k–o).

The sites with a CHD event frequency higher than 20% were distributed in western
Liaoning, and the sites with a CHD event frequency ranging from 10% to 20% were mainly
distributed in western, central, and eastern Liaoning. The frequency of CHD events in
other regions was low. The month with the highest average frequency of CHD events in
summer was July, followed by June. The month with the highest intensity of CHD events
in summer was July, followed by August. The CHD events were more frequent in June and
July, and the higher-intensity CHD events were more frequent in July and August.

3.2. Effects of Summer CHD Events on Maize Photosynthesis and Yield
3.2.1. Effects of CHD Events on Maize Yield

The Formula (2) was used to calculate the average annual meteorological yield of
maize in Liaoning Province. There were 26 years of reduced meteorological yield in the
60-year period from 1961 to 2020 (Figure 5). There were CHD events in 18 (69%) of the
26 years of reduced meteorological yield, and no CHD events occurred in 8 out of those
26 years. A total of 43 years had CHD events in summer, and the CHD events reduced
meteorological yield in 18 of those years (41%). These results indicate that CHD events
occurred in most of the years when there was a reduced meteorological yield. Thus, the
CHD events did not necessarily result in reduced maize yield; instead, the latter depended
on the extent and scope of the event.
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Figure 5. The annual average meteorological yield and the IOC of CHD events in Liaoning over a
60-year period.

Figure 6 shows the relationship between the meteorological yield and the IOC of
summer CHD events in the 26 years of reduced meteorological yield. It shows that the
larger the range of CHD events, the greater the reduction in meteorological yield. The
correlation analysis revealed that Pearson’s correlation coefficient between the IOC of CHD
events in summer and the yield reduction rate was 0.398. The range of the occurrence of
CHD events significantly affected maize yield, and it explained 15.8% of the reasons for
yield reduction. In addition to CHD events, other meteorological disasters such as drought,
low temperature, and frost damage occurred in the years of reduced maize production [22].
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Figure 6. Relationship between IOC of CHD events and yield reduction rate in years when meteoro-
logical yield reduction occurred.

3.2.2. Effects of CHD Events on Maize Photosynthesis

The correlation coefficients between the monthly maximum SIF and monthly mean
temperature or monthly precipitation in the maize cultivation areas of Liaoning were
calculated for each pixel in June, July, and August from 2001 to 2020. As shown in Figure 7,
the correlation coefficients between SIF and temperature or precipitation were high in most
maize cultivation areas. There was a negative correlation between SIF and temperature,
especially in western Liaoning, and the correlation coefficient was generally lower than
−0.4. The largest correlation coefficients in June, July, and August were −0.68, −0.86 and
−0.78, respectively, and the average correlation coefficients were −0.23, −0.12, and −0.21,
respectively. In summer, in most maize cultivation areas, the higher the temperature, the
smaller the SIF value (i.e., the weaker the photosynthetic capacity). SIF was generally
positively correlated with precipitation, and the correlation coefficient was generally higher
than 0.4. The highest correlation coefficients in June, July, and August were 0.74, 0.65,
and 0.77, respectively, and the average correlation coefficients were 0.23, 0.17, and 0.26,
respectively. In most maize cultivation areas, the higher the precipitation, the higher the
SIF value (i.e., the stronger the photosynthetic capacity). However, there were also some
areas where SIF was weakly or inversely correlated with temperature and precipitation. At
the pixel scale, SIF was sensitive to temperature and precipitation, and it was especially
affected by high temperatures and precipitation. In summer, the photosynthesis of maize
in Liaoning was mainly influenced by high temperatures and precipitation. High tempera-
tures inhibited photosynthesis, while precipitation promoted photosynthesis, thus affecting
crop yield.

3.3. Effects of CHD Events in Typical Years on the Growth Process of Maize

Because the summers of 2009 and 2018 were typical periods of CHD events, the
occurrence and development of CHD events and their effects on maize photosynthesis in
these years were analyzed.
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3.3.1. Effects of CHD Event on Maize Growth in 2009

In the first ten days of June 2009, drought affected parts of western, southern, and
eastern Liaoning. The impact range and severity were small, the drought ended in the
second ten days of June, and only some areas were affected by drought in the last ten
days of June (Figure A3a–d). In the last ten days of June, local high-temperature events
occurred in western and southern Liaoning, with a small impact range and a short duration
of high temperatures (Figure A4a). In early June, maize photosynthesis was strong in
eastern Liaoning and the SIF value was high. At that time, maize was generally in the
three-leaf to seven-leaf stages, with weak photosynthesis and a low SIF value, with the
average SIF ranging from 0.3 to 0.4 mW m−2 nm−1 sr−1 (Figure 8a,b). The SIF value of the
maize cultivation area showed a gradually increasing trend, although the increase in the
SIF growth rate was slower in some areas of northwest Liaoning (Figure 8c). By the last ten
days of June, maize plants had reached the seven-leaf stage to jointing stage in most areas,
and the average SIF was approximately 0.6 mW m−2 nm−1 sr−1, which was lower than the
value in some areas of western Liaoning (Figure 8d).
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In early July, drought affected most areas of Liaoning, but it eased from early to 
mid-July. The drought expanded at the end July, affecting most areas of Liaoning (Figure 
A3e–h). However, there were no high-temperature events in July, that is, they were not 
affected by the CHD, and the impact ranges of severe drought, extreme drought and ex-
ceptional drought were small. In the first ten days of July, maize plants were at the 
jointing stage and were less affected by drought, so photosynthesis increased rapidly. 
The mean value of SIF in maize cultivation areas reached 0.78, and it was higher than 1.0 
mW m−2 nm−1 sr−1 in parts of northern and central Liaoning (Figure 8e,f). In the second 
and last ten-day periods of July, maize plants were at the jointing to heading stages or 
flowering to silking stages, and the mean value of SIF was between 0.7 and 0.75 mW m−2 
nm−1 sr−1. The photosynthesis of maize in central and western Liaoning was weakened, 
and the SIF value in some areas was lower than 0.6 mW m−2 nm−1 sr−1 (Figure 8g,h). 
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In early July, drought affected most areas of Liaoning, but it eased from early to mid-
July. The drought expanded at the end July, affecting most areas of Liaoning (Figure A3e–h).
However, there were no high-temperature events in July, that is, they were not affected
by the CHD, and the impact ranges of severe drought, extreme drought and exceptional
drought were small. In the first ten days of July, maize plants were at the jointing stage
and were less affected by drought, so photosynthesis increased rapidly. The mean value of
SIF in maize cultivation areas reached 0.78, and it was higher than 1.0 mW m−2 nm−1 sr−1

in parts of northern and central Liaoning (Figure 8e,f). In the second and last ten-day
periods of July, maize plants were at the jointing to heading stages or flowering to silking
stages, and the mean value of SIF was between 0.7 and 0.75 mW m−2 nm−1 sr−1. The
photosynthesis of maize in central and western Liaoning was weakened, and the SIF value
in some areas was lower than 0.6 mW m−2 nm−1 sr−1 (Figure 8g,h).

In the first ten days of August, high-temperature events occurred in western Liaon-
ing, and the range of influence continued to expand in the second ten days of August
(Figure A4b). Most areas of Liaoning were affected by high-temperature events, and
the cumulative number of days of high-temperature events was greater in western and
central Liaoning (Figure A4c,d). In early and mid-August, most areas of Liaoning were
affected by drought, which was more serious than that in July, and most areas expe-
rienced extreme drought or exceptional drought. At the end of August, drought still
affected some areas of western, northern, eastern, and southern Liaoning, although it
had weakened (Figure A3i–l). In early and mid-August, maize plants were at the silking
stage, their photosynthesis continued to weaken, and the average SIF ranged from 0.5 to
0.6 mW m−2 nm−1 sr−1. The SIF value was generally lower than 0.6 mW m−2 nm−1 sr−1

in most areas of western and southern Liaoning that were seriously affected by CHD
events, while the SIF values in most areas of central and eastern Liaoning ranged from 0.6 to
0.8 mW m−2 nm−1 sr−1 (Figure 8i,j). In mid-August, because of the impact of the widespread
CHD event and the fact that maize plants were approaching the end of their growth, the
photosynthesis of maize was weak in most areas, and the average SIF was between 0.4 and
0.5 mW m−2 nm−1 sr−1 (Figure 8k). By the end of August, maize plants in most areas were
at the milk ripening stage, and the mean SIF was approximately 0.4 mW m−2 nm−1 sr−1,
or lower than 0.4 mW m−2 nm−1 sr−1 in western Liaoning (Figure 8l).
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3.3.2. Impact of CHD Event on Maize Growth in 2018

In the first ten days of June 2018, some areas of western Liaoning were affected by light
drought. The drought ended in the second ten-day period of June, and it only affected some
areas in the last ten days of June (Figure A5a–d). A local high-temperature event occurred in
western Liaoning in early June (Figure A6a), and its influence range and duration increased
in late June (Figure A6b). The range and severity of drought in Liaoning in June 2018
were small, but the range of high-temperature events was larger than that in the same
period of 2009. Similar to the same period of 2009, in early June, maize was at the seedling
stage, photosynthesis was weak, and the average SIF was 0.3–0.4 mW m−2 nm−1 sr−1

(Figure 9). In mid- to late June, affected by the CHD event, the SIF of maize increased
slowly in western, northern, and central Liaoning, and it was significantly lower than that
in the same period of 2009 (Figure 10a–d). At that time, the mean SIF value ranged from 0.5
to 0.6 mW m−2 nm−1 sr−1 (Figure 9).

Drought affected most areas of Liaoning in early July, and it ended during the first
or second ten-day period in July (Figure A5e–g). In the last ten-day period of July, high-
temperature events occurred in northern and central Liaoning, and they lasted for a long
time in some parts of northern and central Liaoning (Figure A6d). In late July, drought
occurred and developed rapidly under the influence of precipitation deficit and local high-
temperature events. Drought affected most areas of central, eastern, northern, and southern
Liaoning, and it was more serious than that in the same period of 2009 (Figure A5h). In
early July, because of the continuous impact of CHD and drought, the SIF in western,
northern, and southern Liaoning was lower than that in the same period of 2009, with an
average value of 0.7 mW m−2 nm−1 sr−1 (Figure 10e). Maize photosynthesis recovered
well in early and mid-July, with the mean SIF reaching 0.8 mW m−2 nm−1 sr−1, and
the SIF of maize in most areas of Liaoning was higher than that in the same period of
2009 (Figures 9 and 10f,g). In mid-to-late July, the mean SIF of maize ranged from 0.7 to
0.77 mW m−2 nm−1 sr−1, and photosynthesis was weakened in western, northern, and
central Liaoning, but the SIF value in most regions was higher than that in the same period
of 2009 (Figure 10h).

In early August, the high-temperature events continued to develop and expanded to
cover almost the whole province (Figure A6e). From the first ten-day period to the second
ten-day period of August, there were more than ten cumulative days of high-temperature
events in most areas of western, central, and eastern Liaoning (Figure A6f). In early August,
because of the combined effect of heat waves and water deficit, the droughts in most areas
of Liaoning were in the severe, extreme, and exceptional categories (Figure 5i,j). In the
second ten-day period of August, there was more rainfall, and the droughts gradually eased.
In late August, the drought was relieved and ended (Figure A5k,l). A large-scale CHD
event occurred from late July to mid-August, resulting in decreased maize photosynthesis
in most areas in early August, especially in areas of western and northern Liaoning. Despite
this CHD event, the SIF was generally higher than that in the same period of 2009, with
the average SIF ranging from 0.62 to 0.63 mW m−2 nm−1 sr−1 (Figures 9 and 10i,j). In
mid-August, maize plants were mostly at the silking stage and their photosynthesis was
weakened. The average SIF was between 0.5 and 0.6 mW m−2 nm−1 sr−1, which was
significantly higher than that in the same period in 2009 (Figures 9 and 10k). In late August,
the mean SIF of maize was 0.48 mW m−2 nm−1 sr−1, which was higher than that in the
same period in 2009 in most areas (Figure 10l). The CHD events in early August 2018 were
more serious than those in the same period in 2009, but the impact of CHD events largely
ended in mid-to-late August. In mid-August 2009, maize SIF was seriously affected by
the CHD event, and at the end of August, the drought continued in most areas of western,
northern, eastern, and southern Liaoning. Therefore, the damage to maize photosynthesis
was more serious in 2009 than in 2018.
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Figure 9. Average values of 8-day composite SIF of maize cultivation areas in summer 2009 and
summer 2018.
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Figure 9. Average values of 8-day composite SIF of maize cultivation areas in summer 2009 and
summer 2018.
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high-temperature events occurred in northern and central Liaoning, and they lasted for a 
long time in some parts of northern and central Liaoning (Figure A6d). In late July, 
drought occurred and developed rapidly under the influence of precipitation deficit and 
local high-temperature events. Drought affected most areas of central, eastern, northern, 
and southern Liaoning, and it was more serious than that in the same period of 2009 
(Figure A5h). In early July, because of the continuous impact of CHD and drought, the 
SIF in western, northern, and southern Liaoning was lower than that in the same period 
of 2009, with an average value of 0.7 mW m−2 nm−1 sr−1 (Figure 10e). Maize photosynthesis 
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June; (b): 10 June; (c): 18 June; (d): 26 June; (e): 4 July; (f): 12 July; (g): 20 July; (h): 28 July; (i): 5
August; (j): 13 August; (k): 21 August; (l): 29 August).

4. Discussion

Authors should discuss the results and how they can be interpreted from the perspec-
tive of previous studies and of the working hypotheses. The findings and their implications

Figure 10. Cont.
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4. Discussion

Authors should discuss the results and how they can be interpreted from the perspec-
tive of previous studies and of the working hypotheses. The findings and their implications
should be discussed in the broadest context possible. Future research directions may also
be highlighted.

4.1. Identification of CHD Events of Maize in Liaoning Province

Maize is a thermophilous C4 plant, and temperature plays an important role in its
growth and development. However, temperatures outside of the suitable range inhibit
maize metabolism and photosynthesis [41]. The suitable temperature range for differ-
ent varieties of maize differs among regions. Usually, the average daily temperature or
maximum daily temperature and the duration of high temperatures are used as the main
indicators for identification of high-temperature events in maize. Some studies have sug-
gested that the appropriate temperature range for maize growth is 25 ◦C to 31 ◦C [42].
Labell et al. [43] found that when the daily maximum temperature is greater than 30 ◦C,
the maize yield decreases by 1.7% for every 1 ◦C increase in accumulated temperature.
Under high-temperature conditions of 3–5 ◦C above 33 ◦C during the flowering stage,
the proportion of high-vitality pollen decreased by 23.1% [44]. The development period
from June to August covers the seedling, jointing, tasseling, and milk stages, and it is
the key development period of spring maize. Considering the upper temperature limit
for each growth period of maize under high-yield conditions and the historical extreme
temperatures, this paper defined a daily maximum temperature of 33 ◦C or above for 3 or
more consecutive days as a high-temperature event for spring maize in Liaoning.

Liu et al. [25] identified the maize drought in Liaoning during 1961–2018 with EDDI,
and they compared the results with those of four drought indexes: the compound in-
dex of meteorological drought (CI), the standardized precipitation index (SPI), the com-
prehensive monitoring index of meteorological drought (MCI) and the standardized
precipitation–evapotranspiration index (SPEI). The results showed that, compared with
other drought indices, SPI and SPEI were generally consistent with the drought years
determined by EDDI, but there were slight differences in the categorization of the drought
categories [25]. The reason is that the five indexes have different mechanisms for identify-
ing droughts. CI, SPI and SPEI can better reflect the influence of precipitation deficit on
drought, while EDDI and MCI have obvious advantages in identifying drought caused by
high evapotranspiration. EDDI has often been used to identify flash drought caused by
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heat waves or precipitation deficits [23], and it is more sensitive than other indices to the
occurrence and persistence of abnormal evaporative demand. A CHD event in summer is
usually caused by a heat wave or a lack of water. Therefore, it was reliable and suitable to
use EDDI to identify CHD events for maize in Liaoning.

In this study, the 2-week EDDI was used to monitor maize drought dynamics in
Liaoning, and the drought category results were combined with the areas affected by high-
temperature events to provide the CHD event level. The direct impact of CHD on maize was
reflected in the drought category, while the EDDI reflected the occurrence and persistence
of abnormal evaporation demand, which was often caused by high temperatures and
insufficient precipitation. Therefore, the drought category results of EDDI indicate the level
of influence of CHD events on maize.

4.2. Sensitivity of Maize Growth and Development to CHD

It is generally considered that CHD has a greater effect on maize than single drought
or high-temperature events. The characteristics of the maize responses to drought and
high-temperature stress differ depending on the developmental stage. Maize plants are
more sensitive to CHD at the reproductive and grain-filling stages than at the vegetative
growth stage [45,46]. Lv et al. [47] concluded that the effect of CHD on maize chlorophyll
content and photosynthesis was greater than the effect of each single stress. According to
Li et al. [48], CHD had a stronger impact on the yield and photosynthetic characteristics
of summer maize at the heading stage than at other developmental stages. Li et al. [49]
concluded that high temperatures at the filling stage had a greater impact on maize grain
quality than high temperatures at the flowering stage. Li et al. [34] found that the yield loss
of maize in Northeast China caused by CHD was higher than the yield loss caused by each
single stress.

This study found that in June 2009 and June 2018, spring maize was affected by CHD
events that occurred at the three-leaf to seven-leaf to jointing stages. The rate of increase in
SIF slowed down in some areas, but photosynthesis still showed a significant increasing
trend with maize growth. The SIF values were slightly lower in June 2018 than in June 2009
(Figure 11a–d). In early July 2009 and 2018, most areas of Liaoning were affected by drought,
which eased or ended in the first or second ten-day period of July. In the first ten-day period
of July, maize plants were at the jointing stage, growing vigorously, with photosynthesis
increasing rapidly, and the maximum SIF reached 1.4 mW m−2 nm−1 sr−1 (Figure 11e,f).
In mid-July, maize plants were generally at the jointing, heading, and flowering stages,
and the SIF was basically the same in July 2009 and July 2018 (Figure 11g). In late July,
maize plants were at the heading, flowering, and silking stages, during which CHD events
occurred in most areas in 2018 and drought was widespread in 2009. Under drought stress
or CHD stress, maize photosynthesis was inhibited, and SIF decreased and/or the growth
rate slowed (Figure 11h). After the tasseling stage, the leaves began to age, and their
resistance to drought and high temperatures was weakened. At this stage, drought or CHD
events resulted in the inhibition of photosynthesis and a gradual and significant decrease
in SIF.

Large-scale CHD events occurred in mid-to-late August in 2009 and from late July to
mid-August in 2018. The maize SIF in early August was slightly higher in 2018 than in
2009 (Figure 11i,j), and that in mid-to-late August was significantly higher in 2018 than
in 2009 (Figure 11k,l). As the leaves aged, the maize SIF in August showed a decreasing
trend. In 2009, the CHD event mainly occurred during the silking to milk stages of maize
growth (mid-to-late August), photosynthesis was seriously damaged, and SIF was seriously
reduced and did not recover readily. The CHD event in August 2018 mainly occurred at the
silking stage of maize growth (early and mid-August), and although photosynthesis was
inhibited to a certain extent, the SIF value was generally higher than that in the same period
of 2009. Thus, maize photosynthesis may be more sensitive to CHD events during the
flowering to silking stages. The meteorological yield reduction rates in 2009 and 2018 were
22.5% and 3.8%, respectively; that is, the maize yield reduction was more serious in 2009



Atmosphere 2023, 14, 1397 21 of 37

than in 2018. This provides further evidence that CHD events during the silking to milk
stages have a greater impact on maize yield than CHD events during other growth stages.
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Figure 11. Comparison of 8-day SIF values in maize cultivation areas between summer 2009 and
summer 2018. (a) in 2 June 2009 and 2018 (b) in 10 June 2009 and 2018 (c) in 18 June 2009 and 2018
(d) in 26 June 2009 and 2018 (e) in 4 July 2009 and 2018 (f) in 12 July 2009 and 2018 (g) in 20 July 2009
and 2018 (h) in 28 July 2009 and 2018 (i) in 5 August 2009 and 2018 (j) in 13 August 2009 and 2018
(k) in 21 August 2009 and 2018 (l) in 29 August 2009 and 2018.
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5. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is
unusually long or complex.

5.1. Temporal and Spatial Characteristics and Development Trend of Maize CHD in
Liaoning Province

From 1961 to 2020, the occurrence range, frequency, and severity of summer CHD
events in Liaoning showed an increasing trend. There were no large-scale CHD events
before 1996, only regional or local CHD events. Large-scale CHD events occurred only
after 1996. The CHD events were more frequent in June and July, and higher-intensity
CHD events were more frequent in July and August. The highest frequency of CHD
events was in western Liaoning. According to previous studies, the occurrence range
of drought in multi-growth stages of maize has shown an increasing trend in Liaoning,
while other types of combined disasters such as combined drought and chilling damage,
combined drought and frost damage, and combined chilling and frost damage have shown
a decreasing trend [21]. The IPCC Sixth Assessment Report noted that the probability
of extreme events such as the combination of heat waves and droughts will increase
worldwide under global warming [50]. Therefore, under the influence of a warm and dry
climate and frequent extreme climate events, the effects of CHD disasters on maize will be
frequent and intensified.

5.2. Effects of CHD on Maize Growth and Yield in Liaoning Province

Because the summers of 2009 and 2018 were typical periods of CHD events, the
occurrence and development of CHD events and their effects on maize photosynthesis were
analyzed. The results showed that drought or CHD events inhibited maize photosynthesis
and reduced SIF and/or the growth rate. Under CHD stress, the rate of increase in maize SIF
slowed down from the three-leaf to jointing stages, and the SIF values stopped increasing
or seriously decreased from the tasseling to flowering to silking stages. Thus, maize
photosynthesis may be more sensitive to CHD events from the heading, flowering, to
silking stages than at other stages, and CHD events during the silking to milk stages may
have a greater impact on maize yield than CHD events at other growth stages.

From 1961 to 2020, CHD events occurred in 69% of the years of reduced meteorological
yield, and reduced meteorological yield occurred in 41% of the years with CHD events.
Thus, CHD events occurred in most of the years of reduced meteorological yield. Maize
yield was not necessarily decreased by CHD events; instead, the former depended on the
extent and scope of the events. It is difficult to isolate the independent effects of CHD
events on maize yield, and further studies should focus on the effects of individual CHD
components. In the summers of 2001–2020, SIF was most sensitive to temperature and
precipitation, and maize photosynthesis was mainly influenced by high temperatures and
precipitation. High temperatures inhibited photosynthesis, and precipitation promoted
photosynthesis, thus affecting crop yield. Hence, SIF can be used to monitor the effects of
CHD events on maize growth.
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