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Abstract
The contribution from land use/cover change (LUCC) toward temperature in recent decades is of great concern across 
the globe. Although there have been many studies, most of them focus on the discussion of average temperature and 
lack a discussion of extreme temperatures. In this study, we first investigated the spatio-temporal changes in extreme 
temperatures in the Yangtze River Delta during 1980–2020 using the ensemble empirical mode decomposition (EEMD) 
method. Then, we explored the impact of LUCC on extreme temperatures using the observation minus reanalysis (OMR) 
method. Finally, the relationship between the normalized difference vegetation index (NDVI) and extreme tempera-
tures was analyzed using the correlation analysis method. We found that: (1) extreme temperatures have a nonlinear 
variation characteristics on different time scales. Extremely high temperatures (EHT) clearly exhibited a monthly time 
scale (quasi-3-month), an interannual time scale (quasi-1-year, quasi-2-year, quasi-3-year and quasi-5-year), and an in-
terdecadal time scale (quasi-10-year and quasi-35-year). Extremely low temperatures (ELT) also clearly exhibited a 
monthly time scale (quasi-3-month), an interannual scale (quasi-1-year, quasi-2-year, quasi-3-year and quasi-6-year), 
and an interdecadal scale (quasi-10-year and quasi-20-year). (2) EHT showed an east–middle–west staggered phase 
and ELT showed a southeast–northwest anti-phase characteristic in spatial distribution. (3) The contribution rates of 
LUCC on EHT and ELT are 53.6% and 92.4%, respectively, which are higher than for the average temperature (40%). (4) 
The monthly time scale response of the NDVI to extreme temperatures is more regionally concentrated and significant 
than that on the interannual time scale in spatial distribution. This paper makes up for the insufficiency of the impact 
of land use/cover changes on extreme temperature changes at multiple time scales and enriches our understanding of 
climate change.
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1. Introduction

Recent studies have revealed that anthropogenic 
forcing due to land use/cover change (LUCC) is one 
of the important factors for the temperature change 
in recent decades (IPCC 2013; Gogoi et al. 2019). As 
a purposeful and conscious activity of humankind, 
LUCC runs through the entire historical process of the 
continuous development of human society and is an 
important way for humankind to change the terres-
trial ecosystem. LUCC affects not only the exchange of 
energy, momentum, and matter between the atmos-
phere and the Earth’s surface but also the diversity 
of terrestrial ecosystems (Turaner et al. 1993). With 
the intensification of global warming, the frequency 
of extreme weather and climate events is also rapidly 
increasing (Luber and Mcgeehin 2008). In the summer 
of 2016 alone, many regions of the world experienced 
the top three extremely high temperature heat waves 
in history (Nori-Sarma et al. 2019). A large number 
of studies have confirmed that the human-made ef-
fect has been detected in extreme weather events 
that have occurred (Tebaldi et al. 2006; Orlowsky and  

Seneviratne 2012; Sun et al. 2014). For example, Sun 
et al. (2014) found that the heat-wave that occurred 
in eastern China in the summer of 2013 was contrib-
uted to by human activities, and, if the warming con-
tinues to intensify, this kind of heat-wave will occur 
once a year in the future. As an important external 
forcing factor of human activities affecting climate, 
does LUCC have a certain impact on extreme tempera-
tures? What is the magnitude and mechanism of the 
impact? These questions are worthy of in-depth study 
and thought. Therefore, exploring the influence of 
LUCC on extreme temperatures has important scien-
tific significance for an in-depth understanding of the 
causes of climate change. 

In recent years, many scholars have begun to pay at-
tention to the effect of LUCC on extreme temperatures. 
From the perspective of numerical simulation, Avila 
et al. (2012) used global models to explore the effect 
of LUCC on various extreme temperature indices, and 
they pointed out that on a regional scale, LUCC can be 
compared with the effect of CO2. Based on the work of 
Avila et al. (2012), Pitman et al. (2012) used multiple 
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Zusammenfassung
Unser Beitrag zu Landnutzungs- und -bedeckungsänderungen (LUCC) zur Temperaturentwicklung in den letz-
ten Jahrzehnten ist weltweit von großer Bedeutung. Obwohl es viele Studien gibt, konzentrieren sich die meisten 
von ihnen auf die Erörterung der Durchschnittstemperatur und lassen eine Erörterung der Extremtemperatu-
ren vermissen. In dieser Studie untersuchten wir zunächst die räumlich-zeitlichen Veränderungen der Extrem-
temperaturen im Yangtze-Flussdelta im Zeitraum 1980–2020 mit Hilfe der Methode der Ensemble Empirical 
Mode Decomposition (EEMD). Dann untersuchten wir den Einfluss von LUCC auf die Extremtemperaturen mit 
Hilfe der Beobachtung minus Reanalyse (OMR) Methode. Schließlich wurde die Beziehung zwischen dem nor-
malisierten Differenzvegetationsindex (NDVI) und der Extremtemperatur mit Hilfe der Korrelationsanalyseme-
thode analysiert. Wir fanden heraus, dass: (1) Die Extremtemperatur hat nichtlineare Variationsmerkmale auf 
verschiedenen Zeitskalen. Die extrem hohen Temperaturen (EHT) wiesen eindeutig eine monatliche Zeitskala 
(quasi drei Monate), eine interannuelle Zeitskala (quasi ein Jahr, quasi zwei Jahre, quasi drei Jahre und qua-
si fünf Jahre) und eine interdekadische Skala (quasi zehn Jahre und quasi 35 Jahre) auf. Die extrem niedrigen 
Temperaturen (ELT) wiesen ebenfalls eindeutig eine monatliche Zeitskala (quasi 3 Monate), eine interannuelle 
Skala (quasi ein Jahr, quasi zwei Jahre, quasi drei Jahre und quasi sechs Jahre) und eine interdekadische Skala 
(quasi zehn Jahre und quasi 20 Jahre) auf. (2) EHT zeigte eine Ost–Mitte–West gestaffelte Phase und ELT zeigte 
eine Südost–Nordwest Gegenphasencharakteristik in der räumlichen Verteilung. (3) Der Beitrag von LUCC zu 
EHT und ELT beträgt 53,6% bzw. 92,4% und ist damit höher als bei der Durchschnittstemperatur (40%). (4) 
Die Reaktion des NDVI auf Temperaturextreme auf der monatlichen Zeitskala ist regional konzentrierter und 
signifikanter als die auf der interannualen Zeitskala der räumlichen Verteilung. Diese Arbeit gleicht die unzu-
reichende Untersuchung der Auswirkungen von Änderungen der Landnutzung/Bodenbedeckung auf extreme 
Temperaturänderungen auf mehreren Zeitskalen aus und bereichert unser Verständnis des Klimawandels.

Keywords Yangtze River Delta, extreme temperature, land use/cover change, contribution rate, ensemble 
empirical mode decomposition, observation minus reanalysis
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models to verify their results, emphasizing the effect 
of LUCC on extreme temperatures. However, the re-
sults of the LUCC extreme climate effects based on the 
global climate model are very dependent on the mod-
el’s ability to describe the global and regional climate, 
and the numerical simulation method requires a large 
amount of data and is computationally complex, mak-
ing it difficult to study some data-deficient areas. Oth-
er scholars have also confirmed the potential impact 
of LUCC on extreme temperatures from the perspec-
tive of statistical models. For example, Hu et al. (2010) 
used the observation minus reanalysis (OMR) method 
to separate the signal of LUCC in extreme tempera-
ture changes in China, also pointing out that LUCC 
has a significant impact on extreme temperatures 
and that about 1/3–1/2 of the nighttime temperature 
warming trend can be calculated using LUCC. Teuling 
et al. (2010) used satellite data to compare the tem-
perature differences between grasslands and forests 
during two extreme heatwave events in the summers 
of 2003 and 2006. They found that the temperature of 
grassland was 1.7–3.5K higher than that of forest in 
two cases, which also explained the possible influence 
of LUCC on extreme temperatures. In addition, some 
scholars have also conducted related research on how 
changes in LUCC or LUCC-related parameters lead to 
extreme temperature changes (Davin et al. 2014; Wil-
helm et al. 2015). Looking at previous studies, there 
are still insufficient studies on the impact of LUCC 
on extreme temperatures in China, especially in the 
Yangtze River Delta region.

The Yangtze River Delta is an area with a high degree 
of economic development in the eastern coastal area 
of China. Located in the subtropical monsoon zone, 
with a wide water area and superior climate and envi-
ronment, it has always been an ideal place for humans 
to live. However, as the impact of human activities on 
the natural environment continues to deepen, espe-
cially since the reforms and opening up, it had only 
taken the region about 30 years to complete the urban 
development and construction that Western countries 
had completed over hundreds of years (Tang et al. 
2021). With the rapid development of the urban area, 
the land use/cover in this region has undergone tre-
mendous changes, which has an important influence 
on the regional microclimate, leading to frequent ex-
treme climate events. Relevant studies point out that 
the highest extreme temperatures in the Yangtze Riv-
er Delta has been 39.24℃ (2013), the lowest has been 
34.25℃ (1982), the maximum number of high temper-
ature days is 34.6 days (2013), and the minimum has 

been 2.91 days (1982) (Sang 2012). The extremely high 
temperature index was in a downward trend before 
the 1980s and began to rise after the 1990s, entering 
a period of frequent high temperatures (Sang 2012). 
The frequent occurrence of extreme climate events 
has brought huge economic losses to the region. In ad-
dition, previous studies have highlighted the impact 
of LUCC on temperature. However, most of them focus 
on the effect of LUCC on average temperature, and the 
effect of LUCC on extreme temperatures is not well ex-
plored. Therefore, studying the changing laws of ex-
treme climate events in the region and clarifying the 
contribution rate of LUCC to extreme temperatures is 
of great significance for dealing with extreme climate 
events and rationally planning land use.

For the above reasons, we attempted to explore the 
spatio-temporal dynamics of extreme temperatures 
in the Yangtze River Delta and assessed the spatial 
heterogeneity of the influences of LUCC on tempera-
ture. Based on observed temperature data at 68 me-
teorological stations during the period of 1980–2020, 
we first investigated the spatio-temporal changes and 
periodic of extreme temperatures by using the ensem-
ble empirical mode decomposition (EEMD; see Section 
2.2.3) and empirical orthogonal function (EOF) meth-
ods; then we analyzed the spatio-temporal changes 
of LUCC by using land use transfer matrix method; fi-
nally, we investigated the contribution rates of LUCC 
toward extreme temperatures and the correlation 
between the normalized difference vegetation index 
(NDVI) and extreme temperatures on different time 
scales by using the observation minus reanalysis 
(OMR) method and correlation analysis method. The 
results have certain reference significance for the 
relevant departments to formulate policies on urban 
development, natural disaster prevention and envi-
ronmental protection in the region.

2. Materials and methods

2.1 Study area and data resources

The Yangtze River Delta in this study includes four 
provinces: Jiangsu Province, Anhui Province, Zhe-
jiang Province, and Shanghai (Fig. 1). It is located in 
eastern China and lies between 114°54′ and 122°42′ 
E and 27°12′–35°20′ N. The region is under a mon-
soon climate regime with four distinct seasons. The 
annual precipitation is about 1000 mm, of which the 
precipitation in summer accounts for two-thirds of 
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the total precipitation (Gu et al. 2011). The average 
temperature is close to 30°C in July and August, and 
the maximum temperature recently exceeded 40°C 
in Shanghai (Gu et al. 2011). The high terrain is in the 
north and south and the low terrain is in the middle, 
which is dominated by plains and hills. The superior 
geographical location and suitable climatic conditions 
have made the region’s economic development level 
and human activity intensity relatively high, leading 
to huge changes in land use patterns, which has an 
important impact on the regional climate, especially 
the temperature (Yang et al. 2021). On a global scale, 
the temperature is mainly affected by factors such as 
atmospheric circulation, volcanic eruptions, and sun-
spots. However, on the regional scale, the tempera-
ture is mainly affected by surface properties and hu-
man activities.

The time span of this study was 1980–2020. The ob-
served daily temperature (including daily maximum 
temperature and daily minimum temperature) of 71 
meteorological stations was obtained from the China 
Meteorological Data Service Center (China Meteorologi-
cal Administration 2011). As the data of three meteoro-
logical stations have only been recorded since 2010, 
discounted them for this study. Finally, the data of 
the remaining 68 meteorological stations were ob-
tained, and the geographical locations of each station 
are shown in Figure 1. The reanalysis monthly tem-
perature datasets were obtained from the National 
Center for Environmental Prediction/National Center 
for Atmospheric Research (NCEP/NCAR) (Kistler et al. 
2001), with a spatial resolution of 2.5°×2.5°. The rea-
sons for choosing NCEP/NCAR Reanalysis data are 
as follows: there are four types of reanalysis dataset 
commonly used in climate research, namely, NCEP/
NCAR R1, the National Center for Environmental Pre-
diction/Department of Energy (NCEP/DOE) R1, the 
European Center for Medium-Range Weather Forecast 
(ECMWF) reanalysis data (ERA), and the Japan Mete-
orological Agency (JMA) reanalysis data (JRA). In this 
four kind of reanalysis data, NCEP/NCAR R1 contains 
the least surface observation data in the assimilation 
process; the NCEP/DOE R2 corrected some errors in 
the NCEP/NCAR R1, but it also contains more sur-
face observation data; ERA-40 and JRA-25 use more 
surface observation data than the NCEP, and their 
quality and reliability are relatively high, but the sig-
nal strength is weaker than for the NCEP. Therefore, 
NCEP/NCAR R1 is the most widely used. The NDVI is 
from the National Science and Technology Informa-
tion (The National Center for Atmospheric Research 
2018), with the temporal resolution by month and 
the spatial resolution of 8×8 km2. The LUCC dataset 
during the period of 1980–2015 of the Yangtze River 
Delta was derived from the Resource and Environ-
mental Science Data Center (RESDC) (Xu 2018), with a 
spatial resolution of 1×1km. The LUCC dataset during 
the period of 2016–2020 of the Yangtze River Delta 
was derived from the National Aeronautics and Space 
Administration (Friedl and Sulla-Menashe 2015), with 
a spatial resolution of 0.05°×0.05°. 

Before quantitative analysis, we performed the fol-
lowing processing for the dataset. First, as the spatial 
resolutions of LUCC in 1980–2015 and 2016–2020 
were inconsistent, we adopted the resampling method 
in the ArcGIS 10.5 software to reduce the spatial reso-
lution of 2016–2020 to 8×8 km2, making it consistent 
with the spatial resolution for the period of 1980–

Fig. 1 Study area and spatial distribution of 68 meteorologi-
cal stations. Source: own elaboration

The impact of land use/cover change on extreme temperatures on the Yangtze River Delta, China
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2015. The monthly NDVI spatial distribution dataset 
is based on a continuous time series of the moderate 
resolution imaging spectroradiometer (MODIS) NDVI 
satellite remote sensing data. Using the maximum 
value composite (MVC) method, we generated the 
monthly and annual NDVI dataset from 1980 to 2020 
with a spatial resolution of 8×8 km2. Finally, to ana-
lyze the impact of LUCC on extreme temperatures, we 
used ArcGIS 10.5 software to extract the values of the 
NCEP/NCAR reanalysis dataset and the monthly and 
annual NDVI values corresponding to each station, 
based on 68 meteorological stations.

2.2 Methodology

The framework of this study is shown in Figure 2, and 
it shows the relationship between the various meth-
ods and their effects.

2.2.1 Extreme temperature index

There are different extreme temperature indices es-
tablished in the field of meteorology. In order to ac-
curately describe the changes in extreme tempera-
tures, we selected two of the 27 extreme temperature 
indices recommended by the Expert Group on Climate 
Change Detection, Monitoring and Index jointly initi-
ated by the Climate Commission of The World Meteor-
ological Organization and the Climate Variability Pre-
diction Program to represent the change in extreme 
temperatures. This series of indices can reasonably 
and effectively characterize extreme climate changes 
in both observation and simulation studies (Zhang 
et al. 2011). The two extreme temperature indices, 
belonging to the absolute extreme temperature index, 
are the monthly maximum value of daily maximum 
temperature (TXx) and the monthly minimum value of 
daily minimum temperature (TNn) (Karl et al. 1999), 
and their definitions are as follows:

Fig. 2 Framework of the study. Source: own elaboration
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Let TXx be the daily maximum temperatures in month 
k, period j. The maximum daily maximum tempera-
ture each month is then:

.     (1)

Let TXx be the daily minimum temperatures in month 
k, period j. The minimum daily minimum temperature 
each month is then:

.    (2)

2.2.2 Ensemble Empirical Mode Decomposition

Ensemble empirical mode decomposition (EEMD) is 
utilized to analyze the nonlinear and periodic char-
acteristics of extremely high/low temperatures. The 
climate-hydrological system is a complex nonlinear 
system, which is the result of the interaction of vari-
ous climate and hydrological elements, and is ac-
companied by the influence of human activities. This 
complexity cannot be described by a simple linear 
relationship. We need to understand the climate-hy-
drological process from a multi-scale and multi-level 
perspective. EEMD is a method that can effectively 
deal with nonlinear and non-stationary problems and 
can analyze the internal mechanism of elements from 
multiple time scales. It has been widely used in mete-
orology. 

EEMD is proposed by Wu and Huang (2011), and it is 
based on empirical mode decomposition (EMD) and 
improvement of the EMD (Wu and Huang 2011). EEMD 
can adaptively decompose the time-frequency do-
main, according to the local time variation features, 
and is completely free from the constraints of the Fou-
rier transform so that it can obtain a high time–fre-
quency resolution (Wu and Huang 2011). Therefore, 
we used the EEMD, which is the best decomposition 
method to extract the changes of various scales in the 
temperature signal from the temperature time series. 
The steps of the EEMD are as follows:

1. White noise with specified amplitude is added to 
the sequence of the original signal:

,    (3)

where xi(t) is the new signal after adding the white 
noise, is the original signal, and x(t) is white noise. 

2. According to the principle of EMD decomposition, 
the signal after adding white noise is decomposed 
to obtain the component IMF1 (the first Intrinsic 
Mode Function).

3. Adding the same white noise in the sequence that 
has separated out the IMF1 and repeating the above 
step can obtain the component IMF2 (the Second 
Intrinsic Mode Function).

4. Repeating the above steps can result in different 
IMFs (the Intrinsic Mode Functions) and then using 
the average of these components as the final result, 
so that white noise can be eliminated, as shown in 
the following formula:

.     (4)

Where cj(t) represents cij(t) the jth component IMF, 
where N represents the numbers of adding white 
noise, and represents the jth component IMF after 
adding the ith white noise.

5. After the above decomposition, different compo-
nent IMFs and trend items can be obtained, and 
then the signal can be reconstructed, as shown be-
low:

,           (5)
 
 where x(t) represents the reconstructed signals, 

cj(t)represents the different IMFs, and rn(t) repre-
sents the trend term.

2.2.3 Empirical orthogonal function

The empirical orthogonal function (EOF) method has 
been used to analyze the main spatial pattern of ex-
tremely high/low temperatures in the past 40 years. 
The characteristics of spatial change are the most 
basic characteristics of geographic elements or geo-
graphic phenomena and are of great significance for 
understanding the development law and direction of 
phenomena. EOF is mainly used to extract the charac-
teristics of the main data. It can describe the original 
variable field with a small number of spatial distribu-
tion modes and can cover a large amount of informa-
tion about the original variable field (Zhu et al. 2019a). 
The method has been widely used in the field of mete-
orology. Its analysis principle is described below.

Supposing there are spatio-temporal matrix data with 
a spatial dimension of m and a time dimension of n, 
then the matrix can be expressed as follows:

The impact of land use/cover change on extreme temperatures on the Yangtze River Delta, China
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Then, EOF decomposition is to decompose the above 
matrix into the form of the multiplication of space 
function and time function, as shown in the following 
equation:

,I = 1,2,…,m; j = 1,2,…, n, (7)

where V represents the eigenvector matrix, and T rep-
resents the time vector matrix. According to orthogo-
nality, the above equation must satisfy the following 
conditions:

  (8)

Next, we can obtain the eigenvectors, eigenvalues (λ1, 
λ2, …, λm), and time coefficients. By arranging the ei-
genvalues in descending order (λ1 ≥ λ2 ≥ … ≥ λm ≥ 0), 
the variance contribution rate, Rk, of each eigenvector 
can be obtained:

  (9)

2.2.4 Observation minus reanalysis

Observation minus reanalysis (OMR) method is used 
to explore the contribution rate of LUCC to extreme-
ly high/low temperatures. This method is known in 
estimating the impact of LUCC on the temperature. 
OMR-based studies have been conducted over various 
regions across the globe and appear to be successful 
in capturing the LUCC impact on temperature trends 
(Wang et al. 2013). 

The theoretical basis of the OMR method is that due to 
the surface temperature in the reanalysis data being 
different from the observation data, it is only deter-
mined by the atmospheric environment, and it is con-
sidered to be insensitive to urbanization and underly-
ing surface conditions (Wang et al. 2013). Therefore, 
the temperature difference between observation data 
and reanalysis data can reveal the impact of land use/
cover change or urbanization on climate change. The 
contribution rate of OMR is defined as follows: 

where ROMR represents the contribution rate of LUCC 
on temperature, T(Reanalysis data) represents the trend 
of reanalysis data of temperature, and T(Observation data) 
represents the trend of observation data of tempera-
ture.

2.2.5 Correlation analysis

Correlation analysis is used to analyze the relation-
ship between extremely high/low temperatures and 
NDVI on the Yangtze River Delta. This method mainly 
describes the closeness of the relationship between 
objective phenomena and expresses it with appropri-
ate statistical indicators that are easy to understand, 
and it has been widely used in various fields (Zhang 
and Zhou 2021). The calculation formula is as follows:

, (11)

In Equation (11), xi and yi represent the values of two 
variables; x and y are the average values of the two 
variables; r is the correlation coefficient, and when r > 
0, the two variables are positively correlated, where-
as, when r < 0, the two variables are negatively cor-
related. A larger |r| indicates a stronger correlation.

3. Results

3.1 Characteristics of extreme temperatures

3.1.1 Periodicity 

According to previous studies (Qin et al. 2012; Liu 
et al. 2019; Zhu et al. 2019b), we know that the aver-
age temperature time series has been nonlinear and 
nonstationary. Therefore, similar with the average 
temperature, the extremely high temperatures (EHT) 
and extremely low temperatures (ELT) were decom-
posed into different time scales by the EEMD method 
to discover the intrinsic modes in their signal. Matlab 
2018a software was used for implementing the EEMD 
method. The EEMD results of the EHT and ELT time 
series in the Yangtze River Delta during 1980–2020 
are shown in Figure 3. There are four intrinsic mode 
functions (i.e., IMF1, IMF2, IMF3, and IMF4) and a 
trend (RES) for the EHT and ELT time series and all 

(i = 1, 2, …, m; j = 1, 2, …, n).               (6)

(10)

The impact of land use/cover change on extreme temperatures on the Yangtze River Delta, China
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IMFs passed the 95% significance test, which means 
that each component is the result of a signal with an 
actual physical meaning. The IMFs represent the os-
cillation characteristics from high to low frequen-
cies of the original sequence at different scales (the 
highest frequency is IMF1, followed by IMF2, IMF3, 
and IMF4) and all have specific physical meanings, 
while the RES is a monotonic function that presents 
the overall trend of the temperature time series (Zhu 
et al. 2019b). Moreover, the oscillation frequency of 
the EHT and ELT time series is relatively fast on the 
short change cycle, but the oscillation frequency is 
relatively stable on the long change cycle.

As shown in Figure 3a and Table 1, EHT has a quasi-
3-month (IMF1) cycle on the monthly time scale; qua-
si-1-year (IMF2), quasi-2-year (IMF3), quasi-3-year 
(IMF4) and quasi-5-year (IMF5) cycles on the interan-
nual time scale; and quasi-10-year (IMF6) and quasi-
35-year (IMF7) cycles on the interdecadal time scale. 
The trend term (RES) reflects the changes in EHT 
during 1980–2020 and it increased first during 1980–
2008 and then decreased during 2009–2020. Accord-
ing to calculations, EHT increased by 0.56°C per dec-
ade during 1980–2008 and decreased by 0.55°C per 
decade during 2009–2020 (Fig. 3a). Compared with 
the EHT time series, there are different change char-
acteristics in the ELT time series (Fig. 3b). The ELT 
time series has a quasi-3-month cycle on the monthly 

time scale; quasi-1-year, quasi-2-year, quasi-3-year 
and quasi-6-year cycles on the interannual time scale; 
and quasi-10-year and quasi-20-year cycles on the in-
terdecadal time scale. The trend term indicates that 
ELT has been showing an increasing trend during 
1980–2020, and it increased 0.53°C per decade. From 
the variance contribution rate of the EHT and ELT 
time series in different components, we can see that 
the variance contribution rate on the short change cy-
cle is greater than the variance contribution rate on 
the long change cycle, indicating that the oscillation 
characteristics on the interannual time scale are the 
main oscillation characteristics of the EHT and ELT 
time series. The oscillation periods of EHT and ELT 
on different time scales are similar, which may be the 
result of the forcing outside the natural boundary and 
the internal change of the climate system (Bai et al. 
2017). Among them, both EHT and ELT have quasi-
2-year and quasi-3-year cycle on the interannual time 
scale, which is similar to the quasi-2 and 4-year cy-
cle of the atmospheric circulation troposphere (Yao 
et al. 2014). The quasi-5-year cycle of EHT and the 
quasi-6-year cycle of ELT are the same as the change 
periods of ENSO and North Atlantic oscillation. The 
quasi-10-year cycle and quasi-34-year cycle of EHT 
and the quasi-10-year cycle and quasi-20-year cycle of 
ELT correspond to quasi cycle of solar activity with 
cold and warm phases alternating of the Pacific Ocean 
(Qian and Lu 2010; Chen et al. 2017).

Fig. 3 EEMD result of extremely high temperatures (a) and extremely low temperatures (b) on the Yangtze River Delta during 
1980–2020. Source: own drawing based on the research results

The impact of land use/cover change on extreme temperatures on the Yangtze River Delta, China
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3.1.2 Spatial pattern 

In order to explore the main spatial pattern of EHT and 
ELT in the past 40 years, the EOF method was used. The 
EOF analysis method can decompose the variable field 
that changes with time into (1) the space function part 
that does not change with time and (2) the time func-
tion part that only depends on a time change and can 
extract the feature quantity of the main data. Table 2 
shows the first seven principal components of EHT and 
ELT after EOF decomposition and each principal com-
ponent passed the North significance test (North et al. 
1982). When selecting the number of main principal 
components, we used the 80% standard, i.e., when the 
cumulative variance contribution rate of the current 
principal components reaches 80%, it is considered that 
these principal components are sufficient to represent 
most of the information of EHT or ELT. It can be seen 
that the variance contribution rate of the first princi-
pal component of EHT was 83.8%, and the principal 

component variance contribution rate dropped rapidly 
from the second component. Therefore, only the spatial 
eigenvector field corresponding to the first principal 
component was selected for analysis, and the spatial ei-
genvector field corresponding to the first principal com-
ponent is called the first mode (EOF1) and it represents 
the main spatial pattern of EHT. For ELT, the cumulative 
variance contribution rate of the first principal compo-
nent was over 80%, so the first spatial eigenvector field 
corresponding to the first principal component repre-
sents the main information of ELT. The variance contri-
bution rate of the first principal component was 87.2% 
and greater than the others, so the spatial eigenvector 
field corresponding to the first principal component is 
also the main spatial pattern of ELT.

The EOF1 of EHT (Fig. 4a) represents the main spatial 
pattern and the magnitude of the value reflects the 
magnitude of the change in EHT. Figure 4a shows that 
there are both positive and negative values, and the 

Extremely high temperatures (EHT)
Cycles Variance contribution rate (%) Cycles Variance contribution rate (%)

Extremely low temperatures (ELT)

IMF1
IMF2
IMF3
IMF4
IMF5
IMF6
IMF7
RES

3
1
2
3
5

10
34

5.37
91.75

0.60
0.39
0.17
0.08
0.21
1.42

3
1
2
3
6

10
20

3.48
95.27

0.35
0.14
0.04
0.03
0.02
0.66

Note: The resolution of IMF1 is monthly, whereas the resolution of IMF2, IMF3, IMF4, IMF5, IMF6, and IMF7 is 
in years for cycles

Table 1 Cycles of extremely high/low temperatures

Extremely high temperatures (EHT)
Principal 

component
Variance 

contribution rate 
(%)

Cumulative variance 
contribution rate 

(%)

Principal 
component

Variance 
contribution rate 

(%)

Cumulative variance 
contribution rate 

(%)

Extremely low temperatures (ELT)

1
2
3
4
5
6
7

83.830
5.264
1.996
1.359
1.019
0.714
0.695

83.830
89.094
91.090
92.449
93.468
94.182
94.877

87.169
2.185
1.718
1.696
0.952
0.771
0.690

87.169
89.354
91.072
92.768
93.720
94.491
95.181

Table 2 Variance contribution rate and cumulative variance contribution rate of the first seven principal components of EHT and 
ELT

The impact of land use/cover change on extreme temperatures on the Yangtze River Delta, China



228 DIE ERDE · Vol. 153 · 4/2022

positive values are mainly distributed in the east and 
west of the Yangtze River Delta and the negative val-
ues are mainly distributed in the middle of the Yang-
tze River Delta, indicating that the changes in EHT 
presents an east-middle-west staggered phase spatial 
pattern. It means that either EHT in the east and west 
of the Yangtze River Delta has increased while EHT in 
the middle of the Yangtze River Delta has decreased 
or EHT in the east and west of the Yangtze River Delta 
has decreased while EHT in the middle of the Yang-
tze River Delta has increased in the past 40 years. The 
high-value center of the positive phase is mainly locat-
ed in the northeast, southeast, and west of the Yang-
tze River Delta, indicating that EHT changes in these 
areas are relatively large. The low-value center of the 
negative phase is mainly located in Jinhua City.

The EOF1 of ELT (Fig. 4b) represent the main spatial 
pattern, and the magnitude of the value reflects the 
magnitude of the change in ELT. Figure 4b has a dif-
ferent spatial pattern to Figure 2a, but there are also 

positive and negative values, and the positive values 
are mainly distributed in the southeast of the Yangtze 
River Delta and the negative values are mainly dis-
tributed in the northwest of the Yangtze River Delta, 
indicating that the changes in ELT present a south-
east–northwest anti-phase characteristic. It means 
that overall either ELT in the southeast of the Yangtze 
River Delta has decreased while in the northwest of 
the Yangtze River Delta it has increased or ELT in the 
southeast of the Yangtze River Delta has increased 
while in the northwest of the Yangtze River Delta it 
has decreased in the past 40 years. The high-value 
center of the positive phase is mainly located in the 
southeast corner, indicating that ELT changes in this 
area are relatively large; the low-value center of the 
negative phase is located in the northeast corner and 
Huangshan City. In addition, the numerical range 
(0.683) of ELT is larger than that of EHT (0.155), which 
means that the change magnitude of ELT is higher 
than the change range of EHT, and the change in ELT 
is more sensitive. 

Fig. 4 EOF of EHT and ELT on the Yangtze River Delta during 1980–2020. Source: own drawing based on the research results
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3.2 Characteristics of LUCC

With rapid economic development, LUCC has under-
gone tremendous changes on the Yangtze River Del-
ta. Table 3 gives the land use changes on the Yangtze 
River Delta from 1980 to 2020. First, cultivated land 
has always been the largest proportion of land use in 
the Yangtze River Delta, followed by woodland, and 
the unused land is the smallest proportion of land 
use. Second, the area of cultivated land and grassland 
decreased by 6.6% and 0.7%, respectively, while the 
area of woodland, water, construction, and unused 
land increased by 0.7%, 0.3%, 6.21%, and 0.08%, 
respectively, from 1980 to 2020. It can be seen that 
the changes in cultivated land and construction land 
are the largest, and the decrease in cultivated land is 
equivalent to the increase in construction land, which 
means that cultivated land has been mainly converted 
into construction land on the Yangtze River Delta dur-
ing the period of 1980 to 2020. In addition, the area ra-
tio of construction land in 2020 was more than twice 
that of 1980, and the increase in construction land 
represents the increase in people and the expansion of 
cities, which means that people have played an impor-
tant role in land use changes in the last 40 years. The 
reduction in the total amount of cultivated land has 
led to a gradual decrease in the per capita cultivated 
land area. According to calculations, in 2020, the per 
capita cultivated land area in the Yangtze River Delta 
was about 0.073 hectares per person, which was low-
er than the national per capita cultivated land area, 
indicating that the cultivated land supply and demand 
contradiction in the Yangtze River Delta is serious.

In addition, from the proportion of land-use type 
spatial transfer area on the Yangtze River Delta from 
1980 to 2020, it can also be seen that the proportion 
of the cultivated land transferred to construction land 
is the largest, followed by the proportion of cultivat-
ed land transferred to woodland, the proportion of 

construction land transferred to cultivated land, and 
the proportion of woodland transferred to cultivated 
land. In recent years, China has implemented a policy 
of returning cultivated land to woodland to improve 
the ecological environment. The results in Figure 4 
show that this policy has been responded to; how-
ever, the proportion of cultivated land transferred 
to woodland is 3.6%, but 3.0% of woodland has been 
transferred to cultivated land (Fig. 5), meaning that 
the response to this policy is not obvious.

From the spatial patterns of LUCC in 1980 and 2020 
(Fig. 6), we can see that the cultivated land is mainly 
distributed in the north and the woodland and grass-
land is mainly distributed in the south, with Shanghai 
and Lu’an as the boundary. This is mainly due to the 
fact that the northern part of the Yangtze River Delta 
is mostly hilly and plain and so it is convenient for land 
development and utilization, while the southwestern 
part of the Yangtze River Delta is mostly mountainous 
and forest land and therefore difficult to develop and 
utilize. In addition, from 1980 to 2020, the spatial pat-
tern of cultivated land and woodland did not change 
much, while construction land underwent a major 
change. Construction land was mainly scattered in 
the northern part of the Yangtze River Delta in 1980, 
while the area of construction land has increased sig-
nificantly, showing a clump shape in 2020, especially 
in Shanghai and its surrounding cities. Moreover, the 
increase in cultivated land in the cities in southern 
Jiangsu Province is more than in the cities in north-
ern Jiangsu Province. Additionally, the changes in cul-
tivated land in various cities in Zhejiang Province is 
relatively even. Since the reform and opening up, with 
economic development and the increase in popula-
tion, people continue to carry out large-scale devel-
opment and construction, resulting in a continuous 
increase in the construction area. In some big cities, 
such as Shanghai, Suzhou, Nanjing, and Hangzhou, 
the large-scale increase in construction land has also 

Area (km2) Area Ratio (%)
Land-use type 1980 2020 1980 2020

1980–2020 
Change (%)

Cultivated land
Woodland
Grassland
Water
Construction land
Unused land

193684.586
99819.485
13209.062
24600.761
20490.511

67.635

170486.468
102310.096

10802.288
25568.043
42346.610

358.536

55.044
28.368

3.754
6.991
5.823
0.019

48.451
29.076

3.070
7.266

12.035
0.102

-11.98
2.500

-18.22
3.932

106.66
430.10

Table 3 Statistics of land use changes on the Yangtze River Delta from 1980 to 2020
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increased the local impervious surface. Its increase 
makes the urban heat storage capacity increase, the 
water storage capacity poor, and airflow conduction 
blocked, seriously affecting the urban surface hydro-
logical cycle, energy distribution, and the urban mi-
croclimate, resulting in the urban heat island effect, 
leading to a rapid increase in temperature in dense 
urban areas (Zhou and Hong 2018). From the land use 
changes (Fig. 6c), it can be seen that the area of con-
struction land increased the most, mainly from the 
conversion of cultivated land. In addition, the conver-
sion of cultivated land into woodland and the conver-
sion of construction land into cultivated land is also 
relatively large. The smallest area of land use changes 
is the conversion of unused land to grassland.

3.3 Impact of LUCC on extreme temperatures

3.3.1 Contribution rate

The contribution rate of OMR can partially explain the 
degree of influence of surface forcing such as LUCC on 
temperature changes. The contribution rates of EHT 
and ELT in the Yangtze River Delta from 1980 to 2020 
are shown in Table 4. In terms of annual changes, the 
contribution rate of LUCC on the annual extremely low 
temperatures is 92.4%, which is higher than the con-
tribution rate of LUCC on the annual extremely high 
temperatures, indicating that ELT is more sensitive to 
LUCC, while EHT is less sensitive to LUCC. 

Among the four seasons, extremely high tempera-
tures trends are more pronounced in winter, with 
autumn having the weakest effect. The correspond-
ing contribution rate is also the largest in winter, 
reaching 70.6%, followed by summer and spring, with 
contribution rates of 49.5% and 18.1%, respectively, 
with the smallest in autumn, with a contribution rate 
of 2.0%, indicating that the EHT increase in winter is 
mainly caused by the changes in land use type, while 
the EHT increase in autumn is less affected by the 
change in land use type. In winter, due to the wilting 
of surface vegetation, less transpiration and evapora-
tion of soil moisture, and limited heat absorption, the 
OMR of EHT has an obvious upward trend (Li et al. 
2008). Among the four seasons, ELT has the largest 
trends in autumn, with the smallest in spring. The 
corresponding contribution rate is also the largest in 
autumn, reaching 63.0%, followed by winter and sum-
mer, with contribution rates of 48.0% and 25.1%, re-
spectively, and the smallest contribution rate of 7.1% 
is in spring. It shows that the change in land use in au-
tumn has had the greatest impact on increasing ELT 
and has also had a certain impact on ELT in spring, 
summer, and winter, reaching more than 7%. 

Fig. 5 Proportion of land-use type spatial transfer area on the Yangtze River Delta from 1980 to 2020. Source: own drawing based 
on the research results
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  0 represents that the land use has not changed; 
12 represents that the grassland has become cultivated land; 
13 represents that the grassland has become construction land; 
14 represents that the grassland has become woodland land; 
15 represents that the grassland has become water; 
16 represents that the grassland has become unused land; 
21 represents that cultivated land has become grassland; 
23 that represents cultivated land has become construction land; 
24 represents that cultivated land has become forest land; 
25 represents that cultivated land has become a water area; 
26 represents that cultivated land has become unused land; 
31 represents that construction land has become grassland; 
32 represents that construction land has become cultivated land; 
34 represents that construction land has become forest land; 
35 represents that construction land has become a water area; 
36 represents that construction land has become unused land; 
41 represents that woodland has become grassland; 
42 represents that woodland has become cultivated land; 
43 represents that woodland has become construction land;
45 represents that woodland has become a water area; 
46 represents that woodland has become unused land; 
51 represents that water has become grassland; 
52 represents that water has become cultivated land; 
53 represents that water has become construction land; 
54 represents that water has become woodland; 
56 represents that water has become unused land; 
61 represents that unused land has become grassland; 
62 represents that unused land has become cultivated land; 
63 represents that unused land has become construction land; 
64 represents that unused land has become woodland; 
65 represents that unused land has become a water area.

Fig. 6 Land use/cover: (a) 1980; (b) 2020; and (c) land use/cover changes from 1980 to 2020 on the Yangtze River Delta. Source: 
own drawing based on the research results
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3.3.2 Correlation

In order to further investigate the relationship be-
tween LUCC and extremely high/low temperatures, 
we calculated the correlation coefficients between 
NDVI and extremely high/low temperatures from the 
perspectives of interannual and monthly time scales. 
There are many factors that affect NDVI (Shi and 
Chen 2018), and LUCC can greatly affect the changes 
in NDVI (Guerschman et al. 2003). Therefore, the fol-
lowing results may explain only part of the impact of 
LUCC because NDVI was used as an indicator of LUCC 
in this study (Guerschman et al. 2003; Jung and Chang 
2015; Xu et al. 2016). 

Figure 7 shows the spatial distribution of the corre-
lation coefficient between NDVI and the extremely 
high/low temperature indices at the interannual scale 
in the Yangtze River Delta during 1980–2020. In gen-
eral, the absolute value of the interannual correlation 
coefficient between NDVI and extremely high/low 
temperatures in most stations is below 0.3, generally 
showing a weak correlation. The absolute value of the 
correlation coefficient in individual sites is between 
0.3 and 0.6, reaching a relatively strong correlation. It 
is worth noting that most of the stations did not pass 
the significance test whether it was a correlation be-
tween EHT and NDVI or a correlation between ELT 

Table 4 Linear trend of OMR and contribution rates on the Yangtze River Delta in 1980–2020

Fig. 7 Spatial distribution of correlation coefficients between NDVI and extremely high/low temperatures at the interannual 
time scale in the Yangtze River Delta during 1980–2020. Source: own drawing based on the research results
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OMR Temperature Annual Spring Summer Autumn Winter

Extremely high temperatures
Extremely low temperatures
Extremely high temperatures
Extremely low temperatures

0.222
0.517

53.616
92.355

Linear trend (℃/10a)

Contribution Rate (%)

0.044
0.012

18.140
7.121

0.074
0.031

49.539
25.139

0.001
0.098
1.967

62.969

0.084
0.065

70.607
47.957
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and NDVI. Specifically, on an interannual scale, the 
negative and positive correlations between NDVI and 
EHT are staggered, and the distribution is relatively 
uniform (Figure 7a). The difference is that the positive 
correlations between NDVI and ELT are mainly dis-
tributed in the north of the Yangtze River Delta, while 
the negative correlations between NDVI and ELT are 
mainly distributed in the south of the Yangtze River 
Delta (Fig. 7b), with a station ratio of 59%.

Figure 8 shows the spatial distribution of correlation 
coefficients between NDVI and EHT and the correla-
tion coefficient between NDVI and ELT at the monthly 

time scale in the Yangtze River Delta during 1980–
2020. Their spatial patterns show extremely high 
similarities. Most of the absolute values of the monthly 
time scale correlation coefficients between NDVI and 
extremely high/low temperatures of each station are 
above 0.5, which are generally greater than the annual 
time scale correlation coefficients, which belong to a 
relatively strong correlation. In addition, most of the 
stations passed the significance test whether it was a 
correlation between EHT and NDVI or a correlation be-
tween ELT and NDVI. In addition, the correlation coef-
ficients of only two stations, which are located on the 
islands in the southeast, failed the significance test. 

Fig. 8 Spatial distribution of correlation coefficient between NDVI and extremely high/low temperatures at the monthly time 
scale in the Yangtze River Delta during 1980–2020. Source: own drawing based on the research results
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4. Discussion

In this study, we explored the impact of LUCC on EHT 
and ELT over the Yangtze River Delta during 1980–
2020 by subtracting the reanalysis temperature from 
observed temperature (observation minus reanalysis 
(OMR) method) and the correlation analysis method. 
Different from the linear trend analysis of extremely 
high/low temperatures in previous studies, we found 
that extremely high/low temperatures shows a non-
linear trend. EHT showed an upward trend during 
1980–2008 and gradually declined after 2008, while 
ELT showed an upward trend during 1980–2020. We 
also found that EHT has a monthly time scale (quasi-
3-month), inter-annual time scale (quasi-1-year, qua-
si-2-year, quasi-3-year and quasi-5-year), and inter-
decadal scale (quasi-10 and quasi-35-year). ELT has 
a monthly time scale (quasi-3-month), inter-annual 
time scale (quasi-1-year, quasi-2-year, quasi-3-year 
and quasi-6-year), and inter-decadal time scale 
(quasi-10 and quasi-20-year). Although changes in 
extreme temperatures is complicated, the change is 
not random, but has periodicity. In addition, the spa-
tial patterns of EHT and ELT are quite different, and 
there is also spatial heterogeneity within each. These 
results are of great significance for understanding ex-
treme temperature changes from the perspective of 
multiple time scales and nonlinearity.

In this work, characteristics of LUCC on the Yangtze 
River Delta showed that a decrease in cultivated land 
and an increase in constructed land are the most obvi-
ous characteristics of LUCC. There are two reasons for 
cultivated land degradation: on the one hand, the in-
crease in construction land is the most common rea-
son for the decrease in cultivated land; on the other 
hand, the loss of cultivated land caused by the acceler-
ation of the adjustment of the internal structure of cul-
tivated land and the increase in the area of woodland 
and grassland cannot be ignored. Meanwhile, related 
research has also concluded that the cultivated land in 
the Yangtze River Delta is gradually decreasing, and 
the contradiction between people and cultivated land 
has become more serious (Chen et al. 2009; Yuan et al. 
2019). With economic and social development on the 
Yangtze River Delta, the improvement of people’s liv-
ing standards and the influx of large amounts of for-
eign capital and talents, the process of urbanization 
has accelerated. People’s demand for residential and 
commercial housing has increased sharply, and the 
land resources required for real estate development 
have also increased significantly. The expansion of 

construction land is achieved through the encroach-
ment of high-quality garden plots, vegetable plots, 
paddy fields and other cultivated land resources on 
the outskirts of the city, leading to a year-to-year de-
crease in the area of cultivated land, intensifying the 
contradiction between people and land, and trig-
gering a series of social problems (Chen et al. 2009). 
Therefore, it is important to coordinate the relation-
ship between cultivated land and construction land.

We further attempted to investigate the LUCC’s link-
age with the extreme temperature changes over the 
Yangtze River Delta during 1980–2020. The analy-
sis results indicated that land use changes during 
1980–2020 led to EHT warming of 0.39℃ per decade 
and ELT warming 0.53℃ per decade over the Yangtze 
River Delta during this period. In addition, the con-
tribution rates of LUCC on EHT and ELT were 53.6% 
and 92.4%, respectively. Many scholars have used the 
OMR method to analyze and study regional tempera-
ture changes based on LUCC. For instance, Zhou et al. 
(2004) found that the contribution rates of LUCC on 
average maximum temperature and average mini-
mum temperature were 5% and 21%, respectively, 
in the southeast of China during 1979–1998 based on 
NCEP/NCAR R1 reanalysis. Zhang et al. (2005) ana-
lyzed the contribution rate of LUCC on the average 
temperature, average maximum temperature, and av-
erage minimum temperature in the area east of 110°E 
in China based on R1 reanalysis datasets and pointed 
out that the contribution rates of LUCC on them were 
18%, 5%, and 29% during 1960–1999. Yang et al. 
(2011) explored the impact of LUCC on average tem-
perature in eastern China, and the result showed that 
the contribution rate was 24.2% during 1980–2007. 
The contribution from LUCC toward the temperature 
in recent decades is of great concern across the globe. 
Several studies (Betts et al. 2007; Rounsevell and Reay 
2009) have also highlighted that LUCC largely regu-
lates the lower atmosphere and thus influences the 
climate over a region. Our results are different from 
previous studies, which mainly discuss the influence 
of LUCC on average temperature, and ignore the influ-
ence of LUCC on extreme temperatures. Our research 
started from the perspective of extreme tempera-
tures and found that the impact of LUCC on extreme 
temperature is greater than the impact of LUCC on 
average temperature (40%) in China found in previ-
ous studies (Hu et al. 2010), and the impact on ELT is 
greater than that on EHT. The results will be useful for 
enhancing our knowledge in the context of the impact 
of LUCC on extreme temperatures over the Yangtze 
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River Delta and for understanding the impact of LUCC 
on temperature from multiple perspectives.

From the correlation results between NDVI and ex-
tremely high/low temperatures, compared with 
the annual time scale response characteristics, the 
monthly time scale response of NDVI to extreme tem-
peratures is more regionally concentrated in spatial 
distribution. The reason is that, on the one hand, the 
annual scale correlation between NDVI and extreme 
temperatures reflects the correlation between the 
long-term trends of the two. This correlation fails to 
“stretch” other factors, such as the effects of urbani-
zation, irrigation, artificial afforestation, and solar 
radiation on vegetation growth. On the other hand, 
the monthly scale correlation is a correlation analy-
sis based on a nearly stationary data series after de-
seasonalization, which may eliminate signals with 
seasonal changes to a certain extent such as precipita-
tion, solar radiation, and regular agricultural produc-
tion, which is a more scientific and reasonable way to 
explore the relationship between NDVI and extreme 
temperatures. The NDVI is mostly positively corre-
lated with extremely high/low temperatures, indicat-
ing that the increase in temperature is beneficial to 
the growth of vegetation in the Yangtze River Delta. 
The region is relatively rich in water resources, and 
the evapotranspiration caused by the rising tempera-
ture will take away excess water and then promote 
the growth of vegetation. Therefore, extreme temper-
atures, especially the increase of ELT, promotes the 
growth of vegetation in the Yangtze River Delta. How-
ever, related studies (Wang and Hou 2019) point out 
that extreme temperatures are negatively correlated 
with NDVI, i.e., the increase in extreme temperatures 
will inhibit the growth of vegetation in North China. It 
can be seen that there is large spatial heterogeneity in 
the relationship between NDVI and extreme tempera-
tures, which requires us to conduct specific analyses 
on different regions. 

5. Conclusions

This study mainly explored the impact of LUCC on 
extreme temperatures during 1980–2020 on the 
Yangtze River Delta. We first analyzed the spatio-
temporal changes of extremely high temperatures 
and extremely low temperatures by using the EEMD 
and EOF methods. Then, the spatio-temporal changes 
of LUCC during 1980–2020 were also discussed. Final-
ly, we investigated the impact of LUCC on extremely 

high/low temperatures by using the OMR and correla-
tion analysis methods in the Yangtze River Delta. The 
main conclusions of this study can be summarized as 
follows.

1. Extreme temperatures showed a non-linear trend 
during 1980–2020. EHT has a monthly time scale 
(quasi-3-month), inter-annual time scale (qua-
si-1-year, quasi-2-year, quasi-3-year and quasi-
5-year), and inter-decadal scale (quasi-10 and 
quasi-35-year). ELT has a monthly time scale 
(quasi-3-month), inter-annual scale (quasi-1-year, 
quasi-2-year, quasi-3-year and quasi-6-year), and 
inter-decadal scale (quasi-10 and quasi-20-year). In 
space, EHT and ELT and their respective internal 
spatial patterns have obvious heterogeneity, where 
EHT mainly showed an east-middle-west staggered 
phase and ELT showed a southeast-northwest anti-
phase pattern. 

2. The decrease in cultivated land and the increase in 
constructed land are the most obvious characteris-
tics of LUCC, and the proportion of cultivated land 
transferred to construction land was the largest. 
Unused land showed the least change during 1980–
2020. The decrease in cultivated land has exacer-
bated the human–land contradiction in the Yangtze 
River Delta. In future land use planning, it is neces-
sary to coordinate the relationship between culti-
vated land and construction land. 

3. The contribution rates of LUCC on extremely high 
temperatures and extremely low temperatures are 
53.6% and 92.4%, respectively, which is higher 
than for the average temperature. The increase in 
extremely high/low temperatures is mainly due to 
changes in local land use.

4. At the monthly time scale the response of NDVI to 
extreme temperatures is more regionally concen-
trated than that on the interannual time scale in 
spatial distribution. In addition, there is a signifi-
cant positive correlation between extremely high/
low temperatures and NDVI in most regions. The 
increase in extreme temperatures is conducive to 
the growth of vegetation.
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