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ABSTRACT

Based on the data set of AVHRR GIMMS, TERRA/AQUA MODIS NDVI, and climate data from 
1982 to 2018, CASA model, GIS spatial analysis, and mathematical statistics were used to study the 
changing law in the category of time and space, spatial distribution, and the correlativity between 
the NPP and meteorological factors in the sandy land of China’s Seasonal Freezing-Thawing Typical 
Region. The results showed that the average annual NPP value of vegetation in the growing season 
of the sandy land from 1982 to 2018 fluctuated between 217.65-356.61 gC/m2a, showing an obvious 
seasonality and a significant increase. The spatial distribution of NPP in the sandy land in the near 
37a is significantly different. There are significant seasonal differences in vegetation responses to 
temperature, precipitation, wind speed, evaporation, and other meteorological factors in different 
regions. The increase of vegetation cover in sandy land of China’s Seasonal Freezing-Thawing Typical 
Region is controlled by regional atmospheric circulation and human dynamics.
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INTRODUCTION

In the global ecosystem, vegetation has important indication function in the conservation of soil 
erosion, regulation of the atmosphere, maintenance of climate, and stability of the entire ecosystem 
(Richards et al., 2022; Song et al., 2021). Net primary productivity (NPP) can directly represent the 
apparent changes of ecological environment and ecosystem production capacity, and can be reflected in 
the process of environmental climate change in geophysics and biogeochemistry (Becknell et al., 2021; 
Zhou et al., 2022). NPP is important index functions to study various terrestrial ecological processes 
(Chen et al., 2021). Accurate monitoring of regional NPP has important practical application value 
for the assessment of vegetation resource changes, exploration of vegetation production potential, 
and rational utilization of resources (Zhang et al., 2020). It is the important core content of research 
on contemporary earth material circulation science to estimate regional ecosystem vegetation NPP, 
quantitatively study its spatiotemporal change characteristics, and analyze its relationship with climate 
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change (Jin et al., 2020). Therefore, the measurement and evaluation of NPP on a global scale or in 
a specific region has attracted much attention from researchers (Wei et al., 2022). Remote sensing 
model estimation is an effective method to obtain NPP on a large scale, quickly and accurately (Ge 
et al., 2022). During the years 1965-1974, scholars from various countries established the CASA, 
Miami, Thornthwaite, Chikugo, and other models by combining measured data with climate and 
environmental factors, and conducted a large number of assessments and tests on NPP (Liu et al., 
2022). Among the many regional terrestrial NPP estimation models, the CASA model is simple and 
practical, and is one of the most potential research methods (Zhang et al., 2021).

Freezing-thawing erosion area refers to an area characterized by strong freezing-thawing action 
and corresponding landform of freezing-thawing erosion (Tao et al., 2021). The sands in China’s 
seasonal freezing-thawing typical region are located at the northeast sea-land transition zone of the 
Eurasian continental mid-latitude giant sand belt and the eastern edge of China’s sandy desertification 
land, and the regional climate and human activities have regional characteristics (Gao et al., 2021). 
Researchers in China have conducted much work on freeze-thaw area vegetation NPP (Wang et al., 
2021). However, most of the research scholars have studied specific study areas, short time series 
NPP, and its influencing factors, and relatively few studies have been conducted on the spatial 
distribution of long time series NPP and significant and potential factors affecting NPP changes in 
the sandy areas of the freezing-thawing erosion area of China. Therefore, in this paper, the authors 
chose the sand in China’s seasonal freezing-thawing typical region as their research object. They 
used AVHRR GIMMS, TERRA/AQUA MODIS NDVI data, and the more time and space scales 
to calculate the sand vegetation NPP dynamic change trend between whole and parts, combined 
them with meteorological data such as temperature, precipitation, wind speed, and evaporation, and 
discussed the sand vegetation NPP dynamic evolution and drive. To clarify the change process and 
driving force of NPP in spatiotemporal evolution of NPP in sandy land of China’s seasonal freezing-
thawing typical region, the paper provides basic data for the further implementation of ecological 
restoration project and ecological civilization construction.

BACKGROUND OF THE RESEARCH AREA

The total sand area of the spatiotemporal evolution of NPP in sandy land of China’s seasonal freezing-
thawing typical region the authors studied in this paper is about 423,763.35 km2, located at 42°30’ 
- 50°40’N and 115°30’ - 129°10’E, including Horqin, Songnen, and Hulun Buir sandy land (Figure 
1). Horqin sandy land of 64 387.22 km2 is located in 42°30’ - 44°50’N, 118°30’ - 124°15’E. The 
average temperature per year is 5.2 - 6.4°C and the annual precipitation is 343 - 500 mm. Songnen 
sandy land was at 43°00’ - 50°40’N, 119°20’ - 129°10’E and with an area of 352,559.12 km2. The 
average temperature per year is 3.3°C and the average precipitation per year is 360-480 mm. Landscape 
was mainly fixed sand dune. Plants included Ulmus pumila L., Armeniaca sibirica (L.) Lam., Stipa 
grandis P. Smirn., Artemisia halodendron Turcz. exBess., and Caragana microphylla Lam. Hulun 
Buir sandy land was at 46°40’ - 50°20’N, 115°30’ - 122°25’E and with an area of 6,817.01 km2. The 
average temperature per year is 2.5°C and the annual precipitation is 280 - 400 mm.

DATA AND METHODS

Data Source and Processing
GIMMS NDVI data using NASA global testing with the model group (GIMMS) provide GIMMS 
NDVI and biggest synthetic data, time series of 1982-2006, the data set is currently the longest time 
series of NDVI data (Ali et al., 2020). MODIS NDVI data adopt MOD13A2 data products from 
NASA’S EOS/MODIS NDVI data (https://lpdaac.usgs.gov), and the time series is 2001-2021 (Yan 
et al., 2022). Since GIMMS and MODIS have different sensors, significant differences exist in near-
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infrared band, red band, and temporal and spatial resolution, so it is necessary to check and verify the 
consistency of the two NDVI data before data interpolation and fusion. The correlation analysis of 
the overlapping annual growing season vegetation NDVI data of AVHRR GIMMS, TERRA/AQUA 
MODIS NDVI from 2001 to 2006, showed that the correlation coefficient was 0.894.

Meteorological collection data are from China Meteorological Data Processing Center (http://
www.gscloud.cn), including monthly average temperature, total precipitation, and total solar radiation 
data of 110 stations in Heilongjiang, Jilin, and Inner Mongolia, from 1982 to 2021.

METHODS

Maximum Value Composites
In order to analyze the regional vegetation and NDVI variation characteristics of overall in time 
and space, the maximum value composites to obtain maximum NDVI, vegetation index reflects a 
certain period of time in the best state, which can effectively reduce from aerosol, cloud shadow, and 
perspective, such as noise, reduce the error, and improve the accuracy of vegetation index and quality.

Mean Value Method
In order to reflect the average level of NDVI in the study area, in this paper the authors adopted the 
mean value method to statistically analyze the mean value of NDVI in China’s seasonal freezing-
thawing typical region (Cai et al., 2022). The mean value method is an indicator reflecting the central 
trend of data. It can effectively calculate the average NDVI of vegetation in each specific time period 
in the study area.

Carnegie-Ames-Stanford Approach Model
The NPP estimated in the CASA model can be represented by the factors of available photosynthetic 
radiation absorbed, stored, and utilized by plants and the efficiency of solar energy absorption, 
conversion, and utilization (ε). Using remote sensing images to estimate that the part of the plant’s 
absorption of photosynthetic effective radiation is achieved based on the reflection characteristics 
of the infrared and near-infrared wavelengths of vegetation. Photosynthetic effective radiation is the 
driving force of photosynthesis, which has a strong correlation with biomass (Zhang et al., 2021).

Figure 1. The location and boundary of study area
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Grey Relational Analysis
The correlation degree is a measure of the correlation between two systems or two factors. Only a 
small amount of time series data is needed to analyze the relationship between the elements in the 
system, which avoids the shortage of correlation analysis based on the random process of probability 
theory that requires a large number of data samples (Cao et al., 2022).

Correlation Analysis
The geographical elements are always interdependent, interrelated, and mutually restricted. Correlation 
analysis is a universal method to study the relationship among these geographical elements, which 
includes two parts: Correlation direction and correlation degree (Mo & Ren, 2020).

RESULTS AND ANALYSIS

Spatiotemporal Evolution of Net Primary Productivity
Variation Characteristics of Sand Net Primary Productivity Time Series
The NPP of sandy land vegetation growing season in China’s seasonal freezing-thawing typical 
region from 1982 to 2021 is between 217.65 and 356.61 gC/m2a, and the average is 303.19 gC/
m2a, slightly lower than the national average of NPP of the same period (Figure 2A). The NPP 
of sandy land showed an overall trend of fluctuating increase, with a determination coefficient 

Figure 2. Interannual trend of NPP in China’s seasonal freezing-thawing typical region (A: Sand mass in China’s Seasonal Freezing-
Thawing Typical Region; B: Horqin; C: Songnen; D: Hulun Buir)
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R2 of 0.5349 and a linear fitting increase slope of 1.8475. The linear increase was significant, 
with an average annual increase of 1.63 gC/m2a. In 2014, the average NPP per year of sandy 
land vegetation was the largest, 356.61 gC/m2a. In 2014, there was sufficient precipitation, 
abundant solar radiation, and superior vegetation growth conditions in the study area, leading 
to an obvious increase in the carbon accumulation content of vegetation. In 1986, the annual 
mean NPP of the overall vegetation in China’s seasonal freezing-thawing typical region was the 
smallest, only 217.65 gC/m2a. The monthly mean temperature in the spring of 1986 in Songnen 
Sandy land was lower, 1.5°C lower than the monthly mean temperature in the spring of 1985, 
leading to poor vegetation growth in that year. In 1986 and 1987, NPP value was lower than 
260 gC/m2a. In 2014 and 2016, NPP value was higher than 350 gC/m2a. From 1982 to 2021, 
the NPP of the vegetation in Horqin sandy land ranged from 64.66 to 115.87 gC/m2a, and the 
average was 87.52 gC/m2a. The overall growth was significant, with an average annual growth of 
0.89 gC/m2a, with an increase of 44.76% (Figure 2B). From 1982 to 2021, the NPP of Songnen 
Sandy land was between 53.26 and 130.07 gC/m2a, and the average was 114.47 gC/m2a. The 
overall fluctuation was significant, with an average annual growth of 0.52 gC/m2a, with an 
increase of 19.01% (Figure 2C). From 1982 to 2021, the NPP of the vegetation in Hulun Buir 
Desert ranged from 79.02 to 171.37 gC/m2a, and the average was 101.20 gC/m2a (Figure 2D). 
The overall fluctuation increased significantly, with an average annual growth of 0.23 gC/m2a, 
with an increase of 8.89%.

The vegetation NPP growing season in the freezing-thawing erosion area of China for 
nearly 40a showed different levels of growth trends at different growth rates in each season. 
Overall, the average NPP in the study area was 152.92 gC/m2a, 508.23 gC/m2a, and 151.37 gC/
m2a in spring, summer, and autumn, respectively, and it was clear that the NPP of vegetation 
in the freezing-thawing erosion area of China was the largest in the summer growing season, 
followed by autumn, and finally spring (Figure 3A). The mean NPP of vegetation in Horqin 
sandy land in spring is 36.79 gC/m2a, which increases from 22.81 gC/m2a in 1982 to 64.51 gC/
m2a in 2021(Figure 3B). The average NPP of spring vegetation in Songnen sandy land is 64.31 
gC/m2a, which increases from 52.59 gC/m2a in 1982 to 96.22 gC/m2a in 2021 (Figure 3C). The 
average NPP of the vegetation in Hulun Buir desert in spring is 51.66 gC/m2a, which increases 
from 36.73 gC/m2a in 1982 to 63.25 gC/m2a in 2021 (Figure 3D).

Spatial Evolution Characteristics of Net Primary Productivity in Sandy Land
The annual mean value of NPP in most areas near 40a is above 43.75 gC/m2a, and the vegetation 
is in good condition, while the annual mean value of NPP in most areas in the southwest is 
between 14.33 and 28.17 gC/m2a, and the vegetation is in poor condition (Figure 4A). In the 
2021 vegetation growing season of Songnen Sandy land, NPP ranges from 0.02 to 127.29 gC/
m2a. In the recent 40 years, the annual mean value of NPP in most areas has been above 44.75 
gC/m2a, with good vegetation condition, while the annual mean value of NPP in central and 
southern areas has been mostly between 13.17 and 35.65 gC/m2a, with relatively poor vegetation 
condition. The NPP of the vegetation in Hulun Buir Desert ranges from 0.08 to 101.11 gC/m2a, 
and gradually increases from the west to the east. Horqin growing season vegetation NPP is 
obviously a rising trend, the increase is 15.85-31.65 gC/m2a, but the space difference is bigger; 
among them, most parts of NPP increase is small, change value is between 10.65 and 21.35 gC/
m2a, only Naiman, Kailu, central and southern Keerqinzuoyizhongqi and Keerqinzuoyihouqi, 
and other regions, the addition of NPP is 31.65-50.05 gC/m2a, the degree of change is relatively 
large (Figure 4B). In the growing season, the NPP decreased mainly in the eastern part of Kulun, 
the southern part of Keerqinyouyizhongqi, and the northern part of Alukeerqin. The decrease 
was between 8.65 and 17.55 gC/m2a.
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ANALYSIS OF CLIMATE DRIVING FORCE OF SPATIOTEMPORAL 
EVOLUTION OF SANDY NET PRIMARY PRODUCTIVITY

Climate Change Characteristics
The mutual influence and interaction between climate and vegetation bring up the geographical 
phenomenon on a small regional scale, and even on a large earth energy transformation and flow 
scale. The annual mean air temperature in this sandy land of China’s seasonal freezing-thawing 
typical region showed a general fluctuation trend (Figure 5A). The change of annual average 
precipitation is mainly divided into two stages: The average precipitation fluctuated steadily 

Figure 3. Seasonal variation characteristics of NPP in China’s seasonal freezing-thawing typical region (A: Sand mass in China’s 
seasonal freezing-thawing typical region; B: Horqin; C: Songnen; D: Hulun Buir)

Figure 4. Perennial mean (A) and variable (B) spatial distribution of NPP in China’s seasonal freezing-thawing typical region
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from 1982 to 2013, decreased significantly from 2014 to 2018, and began to rebound after 2018 
(Figure 5B). The change of annual average wind speed can be divided into two stages: From 
1982 to 1998, the average wind speed fluctuates upward, and, from 1998 to 2021, it fluctuates 
downward (Figure 5C). The change of annual average evaporation showed a downward trend, 
with a large change range from 1982 to 2000, and the evaporation decreased significantly after 
2000 (Figure 5D).

Relationship Between Net Primary Productivity and Climatic Factors
The grey correlation was all greater than 0.3, indicating that there was a great correlation between 
vegetation index changes and natural factors (Table 1). The grey correlation between Horqin and 
Songnen sandy land and meteorological factors is the average wind speed per year and has the 
strongest influence, followed by the average temperature per year and average precipitation per year; 
the average evaporation per year has the least influence. Hulun Buir sandy land is the most correlated 

Figure 5. Meteorological elements of sand in China’s seasonal freezing-thawing typical region (A: Annual mean temperature; B: 
Average annual precipitation; C: Annual average wind speed; D: Annual evaporation)

Table 1. NPP grey relational analysis in China’s seasonal freezing-thawing typical region

Factors
Horqin Songnen Hulun Buir

Grey Relational 
Degree

Correlation 
Order

Grey Relational 
Degree

Correlation 
Order

Grey Relational 
Degree

Correlation 
Order

Wind speed 0.6468 1 0.6908 1 0.6375 2

Temperature 0.5671 2 0.6397 2 0.7226 1

Precipitation 0.4879 3 0.5146 3 0.5726 3

Evaporation 0.4504 4 0.3352 4 0.3254 4
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with average temperature per year, followed by average wind speed per year, average precipitation 
per year, and average evaporation per year.

The absolute value of correlation coefficient between vegetation NPP and climatic factors in 
Horqin sandy land is the maximum average per year temperature, followed by average precipitation 
per year, and, finally, average evaporation per year and average wind speed per year (Table 2). The 
absolute value of the correlation coefficient between vegetation NPP and climatic factors in Songnen 
Sandy land is also the largest average temperature per year, followed by average evaporation per year, 
and, finally, average precipitation per year and average wind speed per year. The absolute value of the 
correlation coefficient between vegetation NPP and weather change factors in Hulun Buir sandy land 
is the maximum average precipitation per year, followed by average temperature per year, average 
evaporation per year, and average wind speed per year.

DISCUSSION

Net Primary Productivity Time Change
From 1982 to 2021, NPP in the sandy land vegetation growing season in China’s seasonal freezing-
thawing typical region presented an overall trend of fluctuation and increase, which is similar to the 
results on the variation trend of NPP at different scales in the world, the global arid region, Eurasia, 
China, and eastern China (Gang et al., 2016; Shi & Wang, 2015; Yang et al., 2016; Zhong et al., 
2016). Compared with the period 1986-2005, the change process of NPP in the growing season of 
sandy land vegetation in China’s seasonal freezing-thawing typical region in the 21st century was 
also basically similar to the results of Shi and Wang (2015) and Gang et al. (2016) in the NPP in the 
global grassland and midhigh latitudinal regions of the Northern Hemisphere, at the same time as the 
change of NPP in the Chinese mainland. However, due to the extension of the study period, the trend 
of increase in the latter period was more obvious. From 1992 to 2005, there was no significant decrease 
trend of NPP in the growing season of sandy land vegetation in China’s seasonal freezing-thawing 
typical region, which was basically similar to the results of Gao (2013) studying on spatial-temporal 
variation of vegetation carbon flux from 1901 to 2005 and using the NPP values of vegetation from 
the seven Earth system models. From 2005 to 2021, NPP increased significantly in the sandy land 
vegetation growth season in China’s seasonal freezing-thawing typical region, which was basically 
consistent with the research results of Zhou et al. (2017) and Zhang et al. (2014) in China and eastern 
China. The opposite trend of NPP in the growth season of sandy land vegetation in China’s seasonal 
freezing-thawing typical region around 1992 and the significant increase after 2005 was mainly 
caused by the corresponding change of NPP in summer.

Net Primary Productivity Spatial Evolution
The spatial distribution of NPP in China’s seasonal freezing-thawing typical region from 1982 to 
2021 is consistent with the results of Mu et al. (2013), Wang et al. (2020), and Parihar et al. (2020) 
in China and Inner Mongolia. However, according to Mu et al. (2013), the spatial distribution of 

Table 2. Correlation coefficient between the NPP and climatic factors in China’s seasonal freezing-thawing typical region

Sand
Temperature Precipitation Wind Speed Evaporation

C S C S C S C S

Horqin -0.788 0.017 -0.553 0.016 -0.113 0.506 -0.488 0.012

Songnen -0.421 0.011 -0.262 0.117 -0.201 0.233 -0.355 0.031

HulunBuir 0.208 0.217 -0.458 0.521 0.109 0.014 -0.188 0.266

Note: C = correlation; S = Significant
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NPP in Inner Mongolia is mainly manifested in the change of longitude zone, and the change rate 
from west to east is increased by 200.5 gC/m2a/10°. Jiang et al. (2020) believed that the whole is 
getting better and greener and the part is getting worse and degraded of NPP in the farming-pastoral 
ecotone in the period 2000-2015 resulted in a significant degradation rate of 0.39%. In this paper, the 
authors chose Horqin, Songnen, and Hulun Buir as their research objects, which belong to a physical 
geographical unit, thus promoting the in-depth study of the northeast and the west. This study shows 
that the annual change of NPP value in different regions presents a single-peak curve, which starts to 
increase in May, reaches its peak in July, and begins to decline in a wide range in September. On the 
spatial scale, NPP value showed a large area of fluctuation and increase trend, which was also basically 
consistent with the results of image-by-pixel analysis by Conradi et al. (2020) and Guo et al. (2021).

CONCLUSION

From 1982 to 2021, the average annual NPP value in the sandy land growing season of China’s 
seasonal freezing-thawing typical region fluctuated between 217.65 and 356.61 gC/m2a. After 2000, 
the region gradually developed towards ossification.

The spatial distribution of NPP of sandy land vegetation is obviously different. In the nearest 40 
years, the NPP in Horqin sandy land ranged from 64.66 to 115.87 gC/m2a, and the perennial average 
was 85.56 gC/m2a. The NPP of vegetation in Songnen sandy land ranged from 53.26 to 130.07 gC/
m2a, and the perennial average was 111.98 gC/m2a. The NPP of vegetation in Hulun Buir sandy land 
ranged from 79.02 to 171.37 gC/m2a.

There is a significant correlation between temperature and precipitation and NPP in the study 
area. From a statistical perspective, socioeconomic factors play a major function in the evolution law 
of NPP in sandy land, which is significantly affected by urbanization.
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