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Abstract

:

Based on Moderate Resolution Imaging Spectoradiometer (MODIS) remote sensing data, meteorological observation data, multisource atmospheric circulation, and sea surface temperature (SST) data from NCEP/NCAR reanalysis, we estimated the net primary productivity (NPP) of terrestrial natural vegetation in China according to the CASA model and analyzed the linear trend and interannual fluctuation of NPP, as well as the spatial distribution characteristics of the annual NPP response to climatic factors. The obtained results revealed the impact of air–sea interaction on interannual NPP variability in key climatic areas. In China, the annual NPP of natural vegetation, linear NPP trend, and interannual NPP fluctuation showed significant regional characteristics. The annual NPP exhibited a significant increasing trend and interannual fluctuation in North China and Northeast China, with spatially consistent responses from NPP to precipitation and temperature. On the seasonal time scale, NPP in the key climatic area (105~135° E, 35~55° N) exhibited a strong response to both summer precipitation and mean temperature. In the summer atmospheric circulation, the circulation anomaly area is mainly distributed in the northeast cold vortex area in the middle- and high-latitude westerlies in East Asia and in the Sea of Okhotsk with dipole circulation. In the SST of the preceding winter and spring, the key SST anomaly area was the Kuroshio region, with an impact of the Kuroshio SST anomaly on the interannual variation in annual NPP in the key climatic area. The cold vortex in Northeast China played a pivotal role in the influence of the SST anomaly in the Kuroshio region on atmospheric circulation anomalies, resulting in abnormal summer precipitation in the key climatic region and affecting the annual accumulation of NPP of natural vegetation.
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1. Introduction


Global climate change has become an important scientific problem that will have far-reaching effects on human production and daily life, as well as ecological, environmental, and social development. Over the past century, especially since the 1980s, the global climate has been undergoing significant changes, with warming being the main characteristic [1,2]. In the context of global warming, climate fluctuations will intensify, with increased frequency of extreme weather aggravating fluctuations in the terrestrial ecosystem. As a result, humans face considerable challenges with respect to resource supply, environmental preservation, and social development [3,4]. As reported in the IPCC AR6 report on the future global climate, global warming is expected to continue, with the rate of warming of the land surface exceeding that of the ocean in the 21st century and the rate of warming in the Arctic significantly exceeding the global average [5]. With global warming, global land monsoon precipitation can increase, and interannual variability in precipitation is expected to be enhanced in most land areas [6]. Intense climate change will inevitably impact the terrestrial ecosystem and alter natural ecosystem processes. Terrestrial ecosystems are the life support system on which human survival and development depend and the biosphere most sensitive to global climate change and human activities. As an important part of terrestrial ecosystems, vegetation is a natural link between the atmosphere, soil, and water. Net primary productivity (NPP) is an important indicator for the determination of ecosystem carbon sink, carbon source, and global carbon balance, as well as for the response of ecosystem function to climate change [7,8]. As NPP is useful in adjusting the dynamic balance of the global carbon budget and maintaining global climate stability, it constitutes major aspect of research on the global carbon cycle and climate change [9,10]. In the mid-1970s, Charney first proposed the positive feedback process between vegetation and precipitation [11]. Since then, many scholars have reported on the complex mutual feedback between vegetation and the atmosphere, conducting relevant studies on the impact of climate change on vegetation [12,13].



Climate variability is the main driver of changes in vegetation growth, development, and yield, especially in monsoon regions [14,15]. The variability of weather conditions is the main driver of yield variability in most regions, especially the monsoon region [16]. China is located in the East Asian monsoon (EAM) region. The EAM system is not only a circulation system over East Asia with obvious seasonal changes but also a regional climate system influenced by ocean, land, plateau, ice, and snow changes, which are closely related to the sea–land–air coupling system [17]. Furthermore, the interaction between the climate and ecosystem in the EAM region is very strong. From the perspective of natural processes, the extreme variability of the monsoon climate affects the physiological processes of the ecosystem, changing the eco-structure and function and serving as one of the primary drivers of ecosystem transformation [18,19]. Studies have been conducted related to the impact of climate change on terrestrial ecosystems, with a focus on the direct influence of the interannual variability of the regional climate system (temperature, precipitation, etc.) on the NPP of vegetation [20,21]. Only a few studies have been focused on how sea–air interaction could affect the NPP of vegetation on a seasonal scale [22,23]. Therefore, in the context of global change, it is necessary to study the temporal and spatial variation in the NPP of vegetation and the seasonal variation in vegetation NPP relative to the sea–air change at a regional scale [24,25]. Such investigation could help to improved understanding of the evolutionary characteristics of terrestrial ecosystems and elucidate the possible process by which climate change affects terrestrial ecosystems [26]. In particular, research could facilitate the objective evaluation of terrestrial ecosystem quality, regulation of ecological processes, and estimation of terrestrial carbon sink, in addition to improving understanding of the processes of the impact of climate change on carbon cycling in ecosystems [27].



In this study, we quantitatively analyzed the interannual variation in the NPP and its relationship with the climatic system in the study area over the past 20 years based on the spatial distribution of the climatic characteristics of NPP of terrestrial vegetation of the Chinese portion of the EAM region. Furthermore, we explored the possible influence process of air–sea interaction on the interannual variation in the NPP of vegetation in the key climatic area at the seasonal scale. The results of this study are expected to provide a scientific and theoretical basis for the improvement and protection of regional ecology and the environment, proving the practical importance of NPP in promoting the sustainable development of regional ecology and the environment.




2. Materials and Methods


2.1. Data Sources


2.1.1. Remote Sensing Data


We used the CASA model (Carnegie–Ames–Stanford approach) to estimate NPP, which is a process model based on remote-sensing-coupled spatial databases of climate and soils, as well as mechanistic understanding of atmosphere–plant–soil biogeochemistry [28]. NDVI is a necessary parameter of the CASA model. MODIS NDVI data (MOD13A3.006) were obtained from the official NASA website (available at: https://e4ftl01.cr.usgs.gov, accessed on 10 February 2022), with the NDVI tile covering the space of China (horizontally numbered from 23 to 29 and vertically numbered from 3 to 7, with a spatial resolution of 500 m × 500 m spams, a monthly temporal resolution from 2001 to 2020, and sinusoidal projection). The third level of vegetation cover included data from the MODIS-LCC Land Vegetation Cover Classification Product (MCD12Q V6) based on the albedo observations from Terra and Aqua albedo observations in 2020 covering the space of China (horizontally numbered from 23 to 29 and vertically numbered from 3 to 7, with a spatial resolution of 500 m × 500 m and sinusoidal projection).



The MODIS reprojection tool (MRT) was used to splice the original NDVI and LCC data. In this process, the 500 m × 500 m resolution of the original data tiles was converted to WGS84 and other longitude and latitude coordinate systems and resampled to 0.1° × 0.1° by the mean value algorithm. The vectorized administrative region map of China was cut to extract the annual NDVI and LCC datasets within the research region. The spatial distribution of the types of terrestrial natural vegetation (a total of 11 types) in the research region of this study is shown in Figure 1.




2.1.2. Climate Data


The climate data used in this study include meteorological observations and circulation field reanalysis grid data (Table 1).



The monthly mean temperature and monthly precipitation were calculated according to daily mean temperature (Temp) and daily precipitation (Prec) observations from approximately 2400 ground weather stations provided by the National Meteorological Information Center (available at: http://data.cma.cn/,accessed on 20 February 2022). Then, the spline function was used to interpolate the dataset into a 0.1° × 0.1° grid from 2000 to 2020. The NOAA optimum interpolation (OI) sea surface temperature (SST) v2 date was provided by NOAA PSL, with a horizontal resolution of 1.0° × 1.0° during the period from 2000 to 2020 [29]. NCEP/NCAR Reanalysis1 data were provided by NOAA PSL with a horizontal resolution of 2.5° × 2.5°, which included the monthly 850 hPa wind vector field (UV), 700 hPa wind vector field (UV), 700 hPa vertical velocity field (ω), and 500 hPa geopotential height (HGT) during the period from 2001 to 2020 [30].



The normal climatological period of the above data covered 2001 to 2020. The seasons were divided according to the climate statistical method, with spring corresponding to March to May, summer from June to July, autumn from September to October, and winter from December to February.





2.2. Analytical Method


2.2.1. NPP Estimation


The CASA model estimates the monthly NPP according to multiple factors, such as satellite data, monthly precipitation, monthly temperature, and soil characteristics [31,32]. CASA is a satellite-based LUE model that estimates NPP at monthly intervals using absorbed photosynthetically active radiation (APAR) and LUE. The APAR of the plant and the actual LU are used to calculate the NPP according to the following relation:


  NPP ( x , t ) = APAR ( x , t ) × ε ( x , t )  



(1)




where APAR(x,t) is the photosynthetically effective radiation absorbed by pixel x in month t, and ε(x,t) represents the actual LUE of pixel x in month t.



The effective solar radiation absorbed by vegetation and the absorption ratio of the vegetation layer relative to incident photosynthetically active radiation are used to estimate APAR according to the following relation:


APAR(x,t) = SOL(x,t) × FPAR(x,t) × 0.5



(2)




where SOL(x,t) represents total solar radiation (g C/m2·month) in pixel x in month t, and FPAR(x,t) represents the absorption ratio of the vegetation layer relative to the effective incident photosynthetic radiation. The constant 0.5 represents the effective solar radiation that vegetation can use as a proportion of the total solar radiation. FPAR is derived based on NDVI [33,34,35].




2.2.2. Linear Trend


In this study, analytical methods of linear trend, coefficient of variation, coefficient of association, and composite analysis were used [36]. A linear trend was adopted to calculate the trend of annual NPP variability over time, which can be calculated by the unary linear regression equation, as shown in Equation (3).


   y    = bx +  b 0   



(3)




where y represents the annual NPP, b0 is a constant term, b is the regression coefficient, and x is the time series. When b > 0, it indicates an upward trend, whereas b < 0 indicates a downward trend. The rate of change of y is usually measured over a ten-year period (10 a).




2.2.3. Coefficient of Variation


The coefficient of variation was used to calculate the annual fluctuation range of the NPP, as shown in Equation (4).


   CV    =  σ   | µ |     



(4)




where CV is the coefficient of variation, σ denotes the standard deviation of the annual NPP, and µ is the arithmetic mean of the annual NPP. The lower the CV value, the smaller the annual fluctuation range of the NPP; the higher the CV value, the greater the interannual fluctuation range of the NPP.




2.2.4. Coefficient of Association


Pearson’s correlation coefficient was used to calculate the correlation between the two variables in order to characterize the annual response of the NPP to climatic factors and SST, as well as the lag effect of SST on the subsequent circulation field. The calculation is expressed as shown in Equation (5):


   r    =    1 n    ∑    i    = 1  n   (   x i  −     x –    )   (   y i  −     y –    )       1 n     (   x i  −     x –    )   2       1 n     (   y i  −     y –    )   2       



(5)




where r denotes the correlation coefficient, the denominator is the standard deviation of the variables x and y, and the numerator is the covariance of two variables (x and y). The value of r is between −1.0 and 1.0. When r > 0, it indicates that the image variable is positively correlated; the closer r is to 1.0, the more significant the positive correlation. When r < 0, it indicates that the two variables are negatively correlated; the closer the r is to −1.0, the more significant the negative correlation. When r = 0, this indicates that the two variables are independent.




2.2.5. Composite Analysis


The circulation and the SST of the year typical of high annual NPP, low annual NPP, and the difference between the high and low NPP were included in a composite analysis in order to determine the key areas of influence on the annual NPP. The statistical test criteria were one mean test and two mean tests, and the key area statistics passed the significance test (reliability = 0.05)


   t    =      x 1   ¯  −    x 2   ¯         (   n 1  − 1  )   s 1 2  +  (   n 2  − 1  )   s 2 2     n 1  +  n 2  − 2        1   n 1    +  1   n 2         



(6)




where t is the statistic of the two-mean test; n1,      x 1   ¯     x 1   ¯   , and s1 represent the sample size, mean, and sample standard deviation, respectively, of a year typical of high NPP; n2,      x 2   ¯     x 2   ¯   , and s2 represent the sample size, mean, and sample standard deviation, respectively, of a year typical of low NPP; and the statistic follows the distribution t of n1 + n2 − 2. When |t| ≥ t0.05, the circulation field and the SST for the difference between the high- and low-NPP years are differ significantly from the general circulation field; when |t| < t0.05, the circulation field and the SST for the difference between the high- and low-NPP years do not significantly differ from the general circulation field.






3. Results


3.1. Spatial Distribution of Climatic Characteristics of Annual NPP


From 2001 to 2020, as shown in Figure 2a, the climatological normal of the total annual NPP of the terrestrial natural vegetation ranged from 8.5 to 1788.9 g C·m−2, and 93.5% of the total ranged from 0 to 1000.0 g C·m−2. Overall, the spatial increase from the northwest to the southeast of China presented a stepped-type distribution in which the regions with an annual NPP ≥ 1000 g C·m−2 were mainly located in the southeastern margin of the Tibetan Plateau, the west and south of central Yunnan province, and the coastal areas of South China. Additionally, in this distribution with 110° as the boundary, the regions with an annual NPP ≥ 1000 g C·m−2 in China ranged from 30° N south for the west to 20° N south for the east. As shown in Figure 2b, the annual estimation of NPP in most regions of China (88.3%) showed an increasing linear trend, with an increasing rate ranging from 0 to 15.9 g C·m−2·yr−1 and an average increasing rate of 3.3 g C·m−2·yr−1. The regions with the highest rate were mainly located in the first-line area from northeast to southwest of China (≥5.0 g C·m−2·yr−1), with rates gradually decreasing to the northwest and southeast. The decreasing regions were located mainly on the southeastern margin of the Qinghai-Tibet Plateau, in southwest China, and in part of South China—a distribution generally consistent with the regions with a high annual NPP ≥ 1000 g C·m−2.




3.2. Key Climatic Area of Annual NPP Response to Climatic Factors


As shown in Figure 3a,b, the spatial distribution of the correlation coefficients between annual NPP and annual precipitation and between annual NPP and annual mean temperature in China generally showed an antiphase distribution from northeast to southwest. The correlation between annual NPP and annual precipitation was positive in most areas of North China and Northeast China and negatively correlated in most areas of the Qinghai-Tibet Plateau. In contrast, annual NPP and mean temperature were negatively correlated in most areas of North China and Northeast China and positively correlated in most areas of the Qinghai-Tibet Plateau. Taking into account the spatial consistency of the annual response of the NPP to annual precipitation and annual mean temperature, we selected North–Northeast China (105~135° E, 35~55° N) as the key climatic area of the annual NPP response to climate factors (hereafter referred to as the key climatic area).



The types of vegetation distributed in North–Northeast China are influenced by the monsoon climate. The magnitude of temperature, precipitation, and solar radiation can affect the intensity of photosynthesis, which leads to variation in biomass [37]. The running correlation coefficients between the annual NPP and seasonal precipitation and the between the annual NPP and mean temperature in the key area were calculated, as shown in Figure 3c,d, respectively. The positive correlation between annual NPP and precipitation in the running season gradually increased from late winter and early spring (FMA) and into autumn (SON) and reached the maximum in late spring and early summer (MJJ). The negative correlation between annual NPP and mean temperature in the sliding season gradually increased from spring (MAM) and into late fall and early winter (OND) and reached the maximum in late summer and early autumn (JAS). The continuous response time of annual NPP to seasonal precipitation was 1 to 2 months earlier than that of annual NPP to annual mean temperature, and the response time of annual NPP to seasonal precipitation and mean temperature was concentrated from May to September (MJJAS) (passing the 0.05 reliability test). In China, the monsoon climate period is long, and the northern region is located on the north edge of the East Asian subtropical summer monsoon zone (hereafter referred to as the monsoon marginal belt or marginal belt). Therefore, the climatic changes in humidity and temperature in the marginal belt are affected by the strength and north–south oscillation of the East Asian subtropical summer monsoon and the annual accumulation of natural vegetation during the annual growth period. Summer (JJA) was selected as the main period of NPP response to climate factors based on the interannual signal of seasonal variation in climatic factors. As shown in Figure 3e, the area where the positive correlation coefficient between annual NPP and summer precipitation and the negative correlation coefficient between annual NPP and summer mean temperature in north China and northeast China (105~135° E, 35~55° N) overlapped was selected as the key climatic area for this study.





4. Climatic Factors Influence Annual NPP and Processes in the Key Climatic Area


4.1. Atmospheric Circulation Characteristics of Annual NPP Anomalies in the Key Climatic Area


A mean annual NPP of the key area ≥ 1.0σ (≤−1.0σ) was used as the threshold for typical abnormal years. The years 2003, 2012, and 2013 (3 years) were selected as typical high-NPP years, and the years 2001, 2007, and 2017 (3 years) were selected as typical low-NPP years. As shown in Figure 4a,b, the significant regions for summer atmospheric circulation affecting the annual NPP of the key climatic area were mainly distributed in the northeast cold vortex area (90~130° E, 40~60° N; hereafter referred to as the northeast cold vortex area) in the middle and high latitude westerlies of East Asia and in the Sea of Okhotsk blocking high area (130~170° E, 40~60° N, hereafter referred to as the Okhotsk high area). The area for the significant difference of 500 hPa geopotential height anomaly field was in a “−+” (“+−”) longitudinal dipole distribution bounded by 130° E (denoted as middle- and high-latitude dipole in East Asia). For the 850 hPa vector wind anomaly field of the lower layer, the anomalous cyclonic circulation (anomalous anticyclonic circulation) in the northeast cold vortex area and the anomalous anticyclonic circulation (anomalous cyclonic circulation) in the Okhotsk high area corresponded to the anomalous circulation field in the upper air (both passing the 0.05 reliability test). In the configuration of the high- and low-altitude abnormal circulation system, owing to the activation (suppression) of the northeast cold vortex and the strengthening (weakening) of the high area, the southerly (north) flow on the east side of the northeast cold vortex merged with the south (north) flow on the west side of the Okhotsk high at 130° E. As such, the merging strengthened (weakened) the transport of warm and wet water vapor from the northwest Pacific Ocean to the key climatic area and easily formed the climatic characteristic of heavy rain (little rain). The accumulation of natural vegetation NPP during the annual growing period was thus favorable (unfavorable) under certain dynamic and thermal conditions.




4.2. Preceding SST Characteristics of Annual NPP Anomalies in the Key Climatic Area


The annual NPP in a key area is closely related to the climatic factors caused by summer atmospheric circulation. As shown in Figure 5a,b, owing to the differing SST in the preceding winter and spring for the high- and low-NPP years, the significant area with the continuous anomaly of SST (passing the reliability test of 0.05) is located in the subtropical Kuroshio region (marked region A, 120~150° E, 20~40° N) and the subtropical region of the southern Indian Ocean region (denoted as regions B1 and B2). In this study, SST anomalies in the southwestern Indian Ocean, where the preceding winter and spring showed continuous strong signals, were selected to represent dipole changes in region B1, and in both regions A and B1, the influence signal of the preceding winter (rather than the spring) on NPP anomalies in the following year was the most significant. The sliding correlation coefficients between annual NPP and the seasonal mean SST in regions A and B1 were calculated, as shown in Figure 5c,d; in region A, the abnormal SST signal (passing the 0.05 reliability test) began to appear in late autumn and early winter (OND) and lasted into the late winter and early spring (FMA) in the following year and was strongest in the early prewinter (NDJ). Furthermore, in region B1, the abnormal SST signal (passing the 0.05 reliability test) began to appear in early winter (DJF) and lasted into late winter and early spring (FMA) of the following year; this signal was strongest in the preceding winter and spring. This analysis confirms that compared to region B1, the continuous SST anomaly in region A had a more significant lag effect on the NPP of natural vegetation in the key climatic area. This lag was sustained for a long time, which is consistent with the results of other studies [38,39,40], i.e., the summer precipitation anomaly in northeast China mainly results from the abnormal thermal capacity of Kuroshio region in the Pacific Northwest in the winter. Given the analysis presented in Section 3.2 of this study showing that precipitation served as the main climatic factor affecting the NPP anomaly of natural vegetation in the key climatic area, the following analysis and discussion of the possible process of sea–air interaction impact on natural vegetation NPP in the key climatic area mainly focus on region A [41,42].




4.3. The Processes of Sea–Air Interaction Affect the NPP of Natural Vegetation in the Key Area


The variation in the NPP of natural vegetation in the key climatic area is closely linked to anomalies in climatic factors (temperature and precipitation), which directly result from anomalies in atmospheric circulation. The persistent anomaly of SST heat capacity may be the external forcing factor of NPP anomalies in the following years. Therefore, the SST index of the preceding winter of region A, affecting the annual NPP in the present year, was selected to calculate the correlation coefficients with the 700 hPa vertical velocity field and the 700 hPa wind vector field in the following summer. The correlation coefficients were used to analyze the impact of the SST thermal anomaly in region A on the following annual NPP anomaly in the key climatic area. As shown in Figure 6, following a winter with low (higher) SST in region A, the following year is subject to anticyclonic (cyclonic) abnormal circulation in the lower layer of this region, which enhances the local sinking (rising) motion component. On the northwest side of the anticyclonic (cyclonic) circulation, as the abnormal component of the southwest wind (northeast wind) meets with the abnormal component of the southeast (northeast) wind in the northeast cold vortex area, cyclonic (anticyclonic) abnormal circulation can easily form in the northeast cold vortex area, enhancing (weakening) the intensity of the northeast cold vortex and the rising motion component of the airflow in the northeast cold vortex area. Additionally, with the strengthening cyclonic (anticyclonic) abnormal circulation in the northeast cold vortex area, the southerly flow in the east strengthened the anticyclonic abnormal circulation in the Okhotsk blocking high area. This effect was beneficial to the maintenance and development of the mid- and high-latitude dipole in East Asia. The above processes resulted in atmospheric circulation favorable to the accumulation of natural vegetation during the growth period in the key area. Therefore, the continuous SST anomaly in region A, by influencing the local horizontal and vertical component anomalies, was conducive to the strengthening (or weakening) of the “−+” atmospheric circulation pattern of the middle- and high-latitude dipole in East Asia. This pattern would later affect the annual NPP anomaly in the key climatic area. In this local air–sea interaction, the northeast cold vortex played a pivotal role in its lag response to the continuous SST anomaly in region A, serving as a bridge to maintain the mid- and high-latitude dipole in East Asia and as the key circulation system affecting the annual NPP level in the key climatic area.





5. Discussion


5.1. The Correlation between NPP and Climatic Factors in the Key Climatic Area


Variation in terrestrial NPP with climate is believed to originate from a direct influence of temperature and precipitation on plant metabolism. Global variation in terrestrial NPP is consistent with maximizing plant growth across climate gradients [43]. Climate change plays an important role in vegetation productivity dynamics and influences climate factors, such as temperature and precipitation, resulting in spatial differences in NPP [44]. As shown in Table 2 the key climatic area (105~135° E, 35~55° N) includes 10 types of vegetation, mainly grasslands (area proportion: 67.2%), deciduous broadleaf forests (area proportion: 11.6%), and woody savannas (area proportion: 10.3%). These three types of vegetation cover 89.1% of the key climatic area, with corresponding annual NPP values of the natural vegetation types of 50.7%, 18.6%, and 15.5%, respectively. The percentages of annual NPPs of other types of natural vegetation are as follows: savannas, 9.4%; mixed forests, 4.0%; deciduous needle leaf forests, 1.2%; permanent wetlands, 0.3%; closed shrublands, 0.2%; open shrublands, 0.04%; and evergreen needle leaf forests, 0.03%. We analyzed the correlation between the annual NPP of natural vegetation and the climatic factors of annual precipitation and annual average temperature in the key climate area. The results showed significant correlations between NPP and precipitation and temperature, with correlation coefficients of 0.639 and −0.532, respectively. NPP is positive correlated with precipitation and negatively correlated with temperature in the key climatic area. The results of previous research support a similar conclusion; NPP was more sensitive to precipitation than the temperature in Shaanxi, Northwestern China [45]. The correlation coefficient between annual NPP and precipitation of evergreen needle leaf forests, deciduous needle leaf forests, open shrublands, grasslands, and permanent wetlands is R = 0.444 (passing the 0.05 reliability test), and the correlation coefficient between annual NPP of evergreen needle leaf forests, deciduous needle leaf forests, closed shrublands, grasslands, and permanent wetlands and summer precipitation and summer average temperature is R = −0.444 (passing 0.05 reliability test, α = 0.05 reliability test). These results show that precipitation and temperature have a considerable influence on the NPP of natural vegetation (Table 2).



Precipitation is a limited factor with respect to vegetation growth, whereas photosynthesis is highly dependent on temperature; therefore, temperature and precipitation determine the magnitude of the NPP [46].




5.2. Stability and Sensitivity of Annual NPP Response to Climatic Factors


In order to analyze the influence of atmospheric circulation on NPP, it is necessary to analyze the stability and sensitivity of NPP to climate factors. As shown in Figure 7a,b, the climatic values of precipitation and mean temperature in summer for each point of the grid in the key climatic area varied from 82.7~639.9 mm and 11.8~27.3 °C, respectively, both in the single-peak probability distribution with concentrated cumulative probabilities in the range of 100–400 mm (91.6%) and 16–24 °C (91.0%), respectively. As shown in Figure 7c, when the climatic value of the mean summer temperature in the key climatic area was maintained within the threshold range of 11~13 °C, 13~15 °C, 15~17 °C, 17~19 °C, 19~21 °C, 21~23 °C, 23~25 °C, 25~27 °C, and 27~28 °C, the median correlation coefficient between annual NPP and summer precipitation varied from 0.328 to 0.597. Furthermore, with an increased climatic value of the summer mean temperature, the positive correlation strengthened first and then weakened. When the climatic value of the summer mean temperature ranged from 17 °C to 27 °C, the variation showed a significant positive correlation (passing the reliability test) and, in particular, showed the strongest positive correlation when the mean summer temperature fell between 21 °C and 23 °C. As shown in Figure 7d, when the climatic value of summer precipitation in the key area was maintained within the threshold range of 0~100 mm, 100~200 mm, 200~300 mm, 300~400 mm, 400~500 mm, 500~600 mm, and 600~700 mm, the median correlation coefficient between annual NPP and summer mean temperature varied from −0.682 to −0.073. In addition, with an increasing climatic value of summer precipitation, the negative correlation gradually weakened, and when the climatic value of summer precipitation ranged from 0 mm to 500 mm, the variation showed a significant negative correlation (passing the 0.05 reliability test). In particular, this variation showed the strongest negative correlation (0.682) when the climatic value of summer precipitation was less than 0~100 mm. For the key climate area, there was a significant difference between the responses of the NPP to climatic factors under different climatic conditions, as reflected by changes in the values of summer mean temperature. The annual response of the NPP to summer precipitation showed unimodal characteristics and concorded with the change in climatic values of summer precipitation. The response of NPP to summer temperature showed linear characteristics. In terms of the stability of this response, with changes in the climatic value of summer mean temperature, the response of annual NPP to summer precipitation tended to be more stable, whereas with changes in the climatic value of summer mean temperature, the response of annual NPP to summer mean temperature tended to be more sensitive.




5.3. Uncertainty Analysis for the NPP of Natural Vegetation


Climate change and human activity are two driving forces of NPP change [47]. Climate is an important factor affecting vegetation NPP, whereas human activities, such as urbanization and change in land use, also have a considerable impact on changes in vegetation NPP. Especially in recent years, the expansion of urbanization in China has had a considerable impact on vegetation [48]. Urban expansion and land cover change caused by human activities have impacted the regional ecology and environment, together with climate change, and have impacted the vegetation NPP [49]. Urbanization is one of the key drivers of human-induced NPP change, the mechanism of which is complicated [50].



Previous research showed that from 1982 to 1999, the variation in terrestrial NPP in China showed considerable variation; NPP increased significantly in 30.8% of the land area but decreased in rapidly urbanized areas [51]. Tian et al. analyzed the loss of NPP caused by an urban expansion in China during the period of 1989–2000, estimating a total NPP loss of 0.95 Tg C, accounting for 0.03% of the total NPP in 1989, with the total loss of NPP caused by the transformation from farmland to urban land accounting for 91.93% [52]. The annual NPP of the southeast United States decreased by 0.4% as a result of urban development during the period of 1992–2000 [53]. The average annual growth rate since 2000 is 1454 km2 yr−1, increasing at a rate of 256 km2 yr−1 in climate-critical areas (Figure 8). Most urbanization is represented by the conversion of forest, grasslands, and farmland to cities and towns, which destroys vegetation and further affects the vegetation NPP. Therefore, NPP varies not only as a result of the influence of climate conditions but also as a result of human activities, such as urban expansion and land use change. Such a hybrid process increases the uncertainty of research results.




5.4. Deficiencies of This Study


In this study, we investigated the impact of air–sea interaction on the interannual variation in the NPP of terrestrial natural vegetation in China, as well as the possible processes of such impact. Our analysis mainly considered climatic factors, atmospheric circulation, and SST in order to determine the cause of abnormal NPP of natural vegetation in the key climatic area. We focused on key areas where the annual NPP of natural vegetation responded to climatic factors on a seasonal time scale. The stability and sensitivity of this response under different climatic conditions and the impact of air–sea interaction in the Kuroshio area on annual NPP, as well as the possible process of such impact were then discussed. However, we only present preliminary findings herein because when climate affects the NPP of natural vegetation, the feedback of vegetation to climate is also an important factor. The interannual change in natural vegetation is regulated not only by climatic factors, atmospheric circulation, and SST but also by land surface processes and natural factors, such as sea ice and snow cover, as well as human activities.



Previous studies have shown that SST anomalies modulate the local climate by changing atmospheric circulation, revealing the mechanism and influence of atmospheric circulation on land surface processes. This local surface climate variability is controlled by both short-term small-scale synoptic fluctuations (<10 days), as well as long-term, large-scale atmospheric teleconnection patterns (>10 days, weeks to years) [54,55,56]. As a result, the impacts of climate change and human activities on ecological vegetation are superimposed and complicated. Such complexity highlights the importance of research on methods to determine the impact of climate change and human activities on ecological vegetation in order to identify methods will have high application value in future efforts to deal with climate change and protect ecology and the environment. With respect to whether the Middle East Pacific SST anomaly (El Nino/La Nina) has an impact on the annual interannual variation in the NPP in the key climatic area investigated in this study, the difference field of the SST in the NINO area (160° E~90° W, 5° S~5° N) in early winter and spring indicates the development of negative anomalies. However, almost no area passed the 0.05 reliability test. Therefore, regions A and B were selected as the key sea regions investigated in the present study.



The key climate region investigated in the present study is located in East Asia. East Asia contains almost all climate types found in the world and is influenced by the Asian monsoon; it is considered one of the most critical and sensitive regions in the global climate system. This diversity provides a unique platform for studying the interactions between climate and ecosystem responses in terms of carbon dynamics. The evaluation of the potentials of terrestrial carbon sinks and the prediction of their future changes in East Asia are of considerable importance [57].





6. Conclusions


In this study, the climatic characteristics of the annual NPP of terrestrial natural vegetation in China were analyzed to establish the key climatic area of the annual response of the NPP to climatic factors, as well as the sensitivity and stability of this response under different climatic conditions. The climatic factors that impact and possibly influence the annual NPP anomaly process in the key climatic area were analyzed herein. The lag effect of the continuous SST anomaly on atmospheric circulation was also discussed, a lag that affects the level of annual NPP. The annual NPP, its linear trend, and interannual fluctuation in China show significant regional characteristics. Specifically, North China and Northeast China saw significant rising trend and significant interannual fluctuation in annual NPP, as well as spatially consistent responses from NPP to precipitation and temperature; therefore, they were defined as key areas (105~135° E, 35~55° N). There was a significant difference between the stability and sensitivity of the response of the NPP to climatic factors, and such significance was observed with the change in the climatic values of the mean summer temperature. The annual response of the NPP to summer precipitation showed unimodal characteristics, as well as the change in climatic values of summer precipitation. The response of NPP to summer temperature showed linear characteristics, and with changes in the climatic value of the summer mean temperature, and the response of annual NPP to summer precipitation tended to be more stable, whereas with changes in the climatic value of the summer mean temperature and the response of annual NPP to, the summer mean temperature tended to be more sensitive. There were significant differences in the same-year summer atmospheric circulation and the preceding SST for both the years of high and low nuclear power plants in key climatic areas. With respect to impact of air–sea interaction of Kuroshio on annual NPP in the key climatic area, the continuous abnormal thermal capacity in the key SST area may be and external forcing factor of NPP anomalies in subsequent years and the cold vortex in Northeast China may be the key circulation system that affects the level of annual NPP in the key climatic area.
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Figure 1. Spatial distribution of MODIS natural vegetation types. 






Figure 1. Spatial distribution of MODIS natural vegetation types.



[image: Atmosphere 13 01837 g001]







[image: Atmosphere 13 01837 g002 550] 





Figure 2. Spatial distribution of annual average NPP across China (g C·m−2·yr−1) (a); Linear NPP trend (g C·m−2·yr−1, >0.05 confidence level) (b); Coefficient of variation (c). 
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Figure 3. Spatial distribution of correlation coefficients between annual NPP and annual precipitation (a) and annual mean temperature (b), as well as correlation coefficients between annual NPP and seasonal precipitation (c) and correlation coefficients between annual NPP and seasonal mean temperature (d) in the key climatic area (solid line: correlation coefficients; dotted line: α = 0.05 reliability test; shaded: pass 0.05 reliability test). A schematic diagram of the climatic area, the intersection of raster points of the key climatic area is also presented, with the positive correlation coefficient between annual NPP and summer precipitation and the negative correlation coefficient between annual NPP and summer mean temperature; dotted box: key climatic area (e). 
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Figure 4. For the typical (a) high-NPP and (b) low-NPP years, geopotential height anomaly field of 500 hPa in summer (in shadow, unit: GPM; dot: α = 0.05 reliability test), 5880 characteristic isoline mean field (black isoline, unit: GPM), 5880 characteristic isoline climatological mean field (red isoline, unit: GPM) and the 850 hPa of the wind vector anomaly field (arrow, unit: m·s−1; thick arrow: α = 0.05 reliability test). 
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Figure 5. Field of the preceding winter (a) and spring (b) of high- and low-NPP years in the key climatic area (shadow, unit: °C; dot = 0.05 reliability test); sliding correlation coefficients between the annual NPP and the seasonal mean SST in region A (c) and region B1 (d) (−1: the preceding year; 0: the same year). 
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Figure 6. Spatial distribution of the correlation coefficients between SST in region A for the preceding winter and the following summer 700 hPa wind vector field (arrow, unit: m·s−1) and 700 hPa vertical velocity field (ω) (×100, shadow, unit: Pa·s−1) (A: anticyclonic circulation; C: cyclonic circulation; solid wireframe: region A; dotted box: region of dipoles of medium and high latitude in East Asia). 
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Figure 7. Statistical probability distribution of summer precipitation (a) and summer mean temperature (b) in the key climatic area (bar chart: probability, %; solid line: cumulative probability, %), boxplot of the correlation coefficient between annual NPP and summer precipitation (c), and box plot of the correlation coefficient between annual NPP and summer mean temperature (d). 
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Figure 8. Urbanization area trends from 2001 to 2020 in China (a) and the key climatic area (b). 
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Table 1. The climate datasets used in this study.
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	Data ID
	Data Source
	Spatial Resolution
	Temporal Resolution
	Years
	Unit





	Temp
	China Meteorological Administration
	0.1° × 0.1°
	daily
	2001–2020
	°C



	Prec
	China Meteorological Administration
	0.1° × 0.1°
	daily
	2001–2020
	mm



	SST
	https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html, accessed on 1 March 2022.
	1.0° × 1.0°
	monthly
	2000–2020
	°C



	Uwnd
	https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html, accessed on 1 March 2022.
	2.5° × 2.5°
	monthly
	2001–2020
	m·s−1



	Vwnd
	https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html, accessed on 1 March 2022.
	2.5° × 2.5°
	monthly
	2001–2020
	m·s−1



	Omega
	https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html, accessed on 1 March 2022.
	2.5° × 2.5°
	monthly
	2001–2020
	Pa·s−1



	HGT
	https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html, accessed on 1 March 2022.
	2.5° × 2.5°
	monthly
	2001–2020
	gpm
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Table 2. The correlation coefficients and their medians between NPP and precipitation and temperature for different types of natural vegetation in the key climatic area.
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Type

	
Correlation Coefficient

	
Median Correlation Coefficient




	
NPP & Precipitation

	
NPP & Temperature

	
NPP & Precipitation

	
NPP & Temperature






	
Evergreen needleleaf forests

	
0.543 *

	
−0.652 *

	
0.586 *

	
−0.642 *




	
Deciduous needleleaf forests

	
0.490 *

	
−0.550 *

	
0.469 *

	
−0.523 *




	
Deciduous broadleaf forests

	
0.465 *

	
−0.507 *

	
0.324

	
−0.435




	
Mixed forests

	
0.530 *

	
−0.434

	
0.407

	
−0.421




	
Closed shrublands

	
0.506 *

	
−0.579 *

	
0.439

	
−0.530 *




	
Open shrublands

	
0.711 *

	
−0.304

	
0.752 *

	
−0.294




	
Woody savannas

	
0.445 *

	
−0.407

	
0.372

	
−0.382




	
Savannas

	
0.383

	
−0.369

	
0.316

	
−0.382




	
Grasslands

	
0.689 *

	
−0.627 *

	
0.594 *

	
−0.550 *




	
Permanent wetlands

	
0.389

	
−0.555 *

	
0.468 *

	
−0.531 *




	
Key climatic area

	
0.639 *

	
−0.532 *

	
0.525 *

	
−0.509 *








Note: * indicates the correlation coefficient |R| ≥ 0.444, passed α = 0.05 reliability test.
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