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Abstract:

 This study evaluates the performances of three global satellite datasets (Advanced Very High Resolution Radiometer (AVHRR), Moderate Resolution Imaging Spectroradiometer (MODIS) and Satellite pour l’ observation de la Terre (SPOT) of the Mongolian Plateau, where in situ observation is insufficient to assess vegetation dynamics on terrestrial systems. We give a comprehensive assessment of the historical changes in vegetation dynamics by using comparative and correlation methods on the three archives using two indices: the growing season’s Normalized Difference Vegetation Index (NDVI) and the Start of the Season Index (SOS). The main findings are: (1) MODIS and SPOT have generally better comparability and consistency in the spatial-temporal trends of NDVI and SOS than AVHRR in this area; (2) all the three archives exhibit better consistency in Inner Mongolia than in Mongolia; (3) integration data analysis of AVHRR (1982–1997) and SPOT (1998–2012) shows that the dynamics of vegetation growth has three distinct phases: enhanced before 1994; a flatter/slightly decreasing trend before 2001; and, then, a rapid recovery between 2001 and 2012 with remarkable spatial heterogeneity, with Inner Mongolia experiencing a significant greening in vegetation NDVI compared with no obvious changes in Mongolia; (4) the temporal average SOS showed no significant “earlier spring” onset during the past 31 years, on the middle and northern Mongolian Plateau.
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1. Introduction

Vegetation is the Earth’s natural link between soil, atmosphere and moisture. Since vegetation plays an important role in the interaction between the biosphere and the atmosphere [1], accurate measurements of regional to global scale vegetation dynamics are required to improve models and further the understanding of inter-annual variability in terrestrial ecosystem carbon exchange and climate-biosphere interactions [2]. In particular, there is an urgent need to reduce the uncertainties in remotely-sensed detection of phenological shifts of high latitude ecosystems in response to climate changes in the past few decades [3].

Remote sensing data have significantly improved our understanding of intra- and inter-annual variations in vegetation from a regional to global scale in the past three decades. Three of the major global data archives that are widely used for vegetation monitoring are the Advanced Very High Resolution Radiometer (AVHRR) [4–7], Moderate Resolution Imaging Spectroradiometer (MODIS) [6,8,9] and Satellite pour l’ observation de la Terre (SPOT) [10–12] and their combined time series [13–15]. Among the various remote sensing-based vegetation measures, the Normalized Difference Vegetation Index (NDVI) is the most widely used proxy for vegetation cover and production, as it can represent all the components of vegetation dynamics. Phenology, the study of the timing of recurring biological cycles and their connection to climate, is a sensitive and critical measure of vegetation, and it is an independent yardstick of how ecosystems respond to climate change [16–18]. Thus, monitoring the vegetation phenology at regional and global scales could help quantify the effects of climate change on terrestrial ecosystems. At an aggregated level, satellite-derived vegetation index time series can approximate some key phenological stages, such as the start of the growing season (SOS). SOS reflects the timing of recurring lifecycle events and is a reliable indicator of the response to natural or anthropogenic disturbances in ecosystems [13,19,20].

As the second largest plateau in Asia, the Inner Mongolia and Mongolia (shorted as MP), main parts of Mongolian Plateau, is characterized by a typical continental climate of rare precipitation and frequent drought, with windy episodes during the winter and spring [19,21,22]. The neighboring Inner Mongolia Province and Mongolia are dominated by similar types of ecosystems, varying from forest to desert; however, they are governed by different social and political systems and faced with related environmental issues [23]. Therefore, the two regions present an opportunity for studies aimed at distinguishing climate change impacts from human activities, especially policies, on vegetation coverage change. Remote sensing data archives have been already used for various aspects of vegetation coverage research in the MP, especially in Inner Mongolia Province, such as vegetation dynamics [19], estimating terrestrial net primary production [24], phenology patterns [25], degradation of grassland [26] and relationships between NDVI (Normalized Difference Vegetation Index) and climatic factors [27]. However, less effort has focused on validating the agreement of the three datasets and building a longer and reliable time series for the MP or the discrepancies between the three datasets for Inner Mongolia Province and Mongolia [14,15,28]. Additionally, comparisons that rely largely on the consistency of the seasonal, sinusoidal-like NDVI patterns are not sensitive enough to assess their consistency for long-term trends. Thus, it is crucial to know whether trends derived from different NDVI archives are comparable with each other and how they can be applied to study the interactions of climate change and the vegetation activities.

Our primary objective in this paper is to evaluate the coherence of the three satellite-derived remote sensing datasets on the trends and variability of average growing season NDVI and SOS: AVHRR (1982–2006), MODIS (1998–2012) and SPOT (1998–2012). The overlapping periods between AVHRR with SPOT (1998–2006) and SPOT with MODIS (2000–2012) make the comparison viable, with SPOT playing the role of a benchmark. Temporal, spatial and pixel correlation analysis comparisons are also conducted in their corresponding periods. We assess their performance on both Inner Mongolia Province and Mongolia. Finally, we analyze trends on NDVI and SOS for both regions based on the combination of AVHRR and SPOT from 1982 to 2012.



2. Materials and Methods


2.1. Study Area

The Mongolian Plateau is one of the world’s largest grassland areas and is famous for its ample mineral resources and peculiar landscape; our study area is located between 37°24′–53°20′N and 87°–126°04′E (Figure 1). Mongolia is one of the largest countries in the circumpolar boreal zone. It is located at the southernmost fringe of the Siberian taiga and the northernmost Central Asian deserts. The country has a total area of over 1.56 million km2 with elevation ranges from 900 to 1,500 m [29]. Inner Mongolia, with a total area of 1.18 million km2, ranks as the 3rd largest province in China. Climate in the MP is a typically temperate continental monsoon climate with an annual precipitation of approximately 200 mm. The region can be divided into three biomes: the arid desert biome in the west, the grassland biome in the center and the forest biome in the northeastern region [30] (Figure 1). The grassland is divided into three types: desert steppe, typical steppe and meadow steppe [31]. The MP is the main sandstorm source region for China.

Figure 1. Location map of the Mongolian Plateau.
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2.2. Materials


2.2.1. AVHRR 15-Day Composite NDVI Dataset

Acquired by the NOAA (National Oceanic and Atmospheric Administration) satellite and processed by the NASA’s (National Aeronautics and Space Administration) GIMMS (Global Inventory Modeling and Mapping Studies) group, the GIMMS2g data archive is considered the best dataset available for long-term NDVI trend analysis from 1982 to 2006 [15,32,33]. This dataset has a spatial resolution of 8 km and is designed to reduce variations arising from calibration, view geometry and volcanic aerosols and has been verified using stable desert control points [34]. The AVHRR sensor design is characterized by shortcomings, due to the AVHRR channel 2 (near-infrared band) overlapping an atmospheric water vapor absorption band, which influences observed NDVI [15,35,36]. This implies that the GIMMS dataset is dynamic by nature and must be re-calculated every time a new year of data is added [15].



2.2.2. SPOT VEGETATION 10-Day Composite NDVI Dataset

Vegetation Index (NDVI) from SPOT VEGETATION (VEG) satellite at 1 km resolution, produced by the VEGETATION program, is a synthesis product (S10) with 1-km spatial resolution from 1998 to 2012 [37]. The S10-products are derived directly from the physical products, which are atmospherically corrected for molecular and aerosol scattering, water vapor, ozone and other gas absorptions [15]. The SPOT-4 and SPOT-5 VEGETATION instrument’s better atmospheric correction, spatial resolution distortion at off-nadir angles, improved navigation and radiometric sensitivity are advantages over AVHRR [38–40].



2.2.3. MODIS Terra 8-Day Composite NDVI Dataset

We use the 500-m MODIS MCD43A4 land surface reflectance product, because it offers nadir and a bidirectional reflectance distribution function with adjusted spectral reflectance bands [41]. This significantly reduces the anisotropic scattering effects of surfaces under different illumination and observation conditions [39–41]. For each pixel, a time series is extracted from the first two spectral bands of the dataset during 2000 to 2012 to generate the NDVI.




2.3. Preprocessing

We used the overlapping short time series of SPOT with AVHRR from 1998 to 2006 and MODIS with SPOT from 2000 to 2012 to test how well spatio-temporal patterns can be reproduced by different state-of-the-art NDVI archives. If patterns are dissimilar, then we should be cautious of drawing conclusions using different datasets. Firstly, we filtered the time series and extracted phenological indices, the average growing season NDVI and the SOS, from each NDVI time series. We then correlated the time series. In our study, we define the average growing season NDVI to mean the NDVI average from April to September, the period that covers the major growing season of vegetation.

The NDVI profile generated by the red and near infrared band from MCD43A4 is influenced by snow cover, since melting causes the NDVI value to rise without being related to the increased vegetation activity. Negative bias in the NDVI values during snow cover is corrected by the method of Beck [8,42], using the 2000–2012 MOD10A2 snow cover products.


2.3.1. NDVI Preprocessing

The Maximum Value Composite (MVC) method is used to eliminate the influence of atmospheric conditions, like volcanic aerosols, high solar conditions, low water vapor and near-nadir viewing for each pixel [37]. MVC-based satellite dataset products still include noise from cloud contamination, atmospheric variability and bi-directional effects. To remove this noise, all three datasets are subjected to the iterative Savitzky-Golay filtered algorithm before phenological parameters are extracted [43,44]. NDVI values below 0 and where there was a rise of more than 0.4 NDVI units in 15 days occurring were masked out and interpolated before filtering.



2.3.2. Phenological Indices Extraction

Generally, there are four methods for determining the dates of SOS from the NDVI time series: thresholds, derivatives, smoothing functions and fitting models [45]. We have used the thresholds method by White to extract the phenology from the NDVI time series, since this is considered the simplest and most effective method for phenological study [45–47]. This method determines the middle value of maximum and minimum NDVI values per growing season and per pixel as the threshold. Those points where the NDVI profile passed the threshold value in the upward direction are the points of SOS.



2.3.3. Trends and Correlation Analysis

We resample SPOT and MODIS data to match the AVHRR 8-km resolution using the spatial bilinearity method. We select data NDVI > 0.1 at each pixel to eliminate soil background and other noise [13,48]. We select pixels and time periods where NDVI and SOS data from all three datasets are available. Firstly, we compare the general average NDVI values from April to September over the studying area. Linear trends in NDVI and SOS time series were also used to analyze patterns of changes and to test whether a good correlation between NDVI can infer a good correlation between trends from different archives. The test of whether a good coherence from different satellite datasets on these two indices was made by correlation analysis on trends and average values of NDVI and SOS. The strength of linear association was determined by the Pearson product moment correlation per pixel after de-trending [49]. The comparison on spatial distribution is based on the map of average NDVI and SOS and the trends of these two indices. Correlation of time-series values of average NDVI and SOS per pixel represent the spatial distribution of coherence on indices’ developing patterns throughout the period. In terms of quantitative comparison, we use scatter plots of trend values to analyze the coherence between each two archives. The evaluation of coherence is based on the slope value of those scatter points and the correlation values (R2).





3. Results


3.1. Annual Temporal Variations in NDVI and SOS Time Series

The average NDVI values for the growing season (April–September), spring (April–May), summer (June–August) and autumn (September) during, 1982–2012, are shown in Figure 2. During the period of 1982–2006, average growing season NDVI from AVHRR shows no trend (Figure 2A). Seasonal NDVI has a marginally significant increase in spring (p = 0.07), while the summer and autumn NDVI has not changed significantly. Over the whole plateau, the four peak NDVI years were 1988, 1994, 1998 and 2012.

Figure 2. Annual variations in the Normalized Difference Vegetation Index (NDVI) based on Advanced Very High Resolution Radiometer (AVHRR) (1982–2006), Satellite pour l’ observation de la Terre (SPOT) (1998–2012) and Moderate Resolution Imaging Spectroradiometer (MODIS) (2001–2012) datasets on the Mongolian Plateau during (A), the planting growing season, (B) spring, (C) summer and (D) autumn.
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Next, we compare the data coherence of AVHRR, SPOT and MODIS. Results show that NDVI in SPOT and MODIS display similar patterns during 2001–2012, especially in the summer season (Figure 2A–D). Mean values of NDVI from AVHRR, MODIS and SPOT are close, except the much lower SPOT NDVI value in spring, and there is a good coherence between MODIS and SPOT.

To examine the variations of phenology based on different datasets, we analyze the average SOS of the study area from 1982 to 2012 based on the three satellite data sources (Figure 3). Average SOS from the SPOT and MODIS products shows much higher consistency in variation pattern with a difference in mean value (day 145 and 154, respectively). The SOS values from the AVHRR dataset (mean day 151) is similar to its counterpart from the SPOT dataset over 1998–2006, but with larger variability than SPOT SOS.

Figure 3. Average Start of the Season Index (SOS) derived from AVHRR, SPOT and MODIS during 1982 to 2012.
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3.2. Spatial Variations in NDVI and SOS

We evaluate the spatial distribution of temporal trends for each index and calculate the correlation of the trends derived from the three archives. In each of the intersecting time periods, the distribution of trends of NDVI and SOS from different datasets shows similar patterns in general (Figure 4). NDVI from MODIS and SPOT both show greening trends during 2000–2012, but a big difference exists in the spatial patterns of the NDVI trend in the MP between the two archives (Figure 4A,C). AVHRR and SPOT display a significant decreasing trend in central parts from 1998 to 2006 (Figure 4E–G), and the spatial distribution of NDVI trends from AVHRR is similar to that from SPOT. MODIS NDVI has less pixels with a significant trend (p < 0.1) (Figure 4A) compared to SPOT and AVHRR. The four maps of the SOS trend (Figure 4B,D,F,H) show that the three archives have similar spatial distribution. The two periods shown in Figure 4 both display trends towards a delay in SOS, but during 1999–2006, more area has a significant increasing trend. Recently, SOS has advanced in much of the north-eastern part of Inner Mongolia and in small areas of northern and central Mongolia (Figure 4B,D).

Figure 4. NDVI and SOS annual trends among different satellites and different time intervals. Trends are only plotted when they are significant at the 90% level. MODIS NDVI slope value from 2000 to 2012 (A), MODIS SOS slope value from 2001 to 2012 (B), SPOT NDVI slope value from 2000 to 2012 (C), SPOT SOS slope value from 2001 to 2012 (D), AVHRR NDVI slope value from 1998 to 2006 (E), AVHRR SOS slope value from 1999 to 2006 (F), SPOT NDVI slope value from 1998 to 2006 (G) and SPOT SOS slope value from 1999 to 2006 (H).
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In Figure 5, we use the correlation coefficient and slope of regression to quantitatively analyze the trends of NDVI from different datasets during several different time intervals. As shown in Figure 5, trend values are in better quantitative agreement between SPOT and MODIS than SPOT and AVHRR, both in Inner Mongolia and Mongolia. For NDVI, both R2 and the slope indicate better consistency in SPOT and MODIS than SPOT and AVHRR. For SOS, R2 are all near 1.0 in both archives’ comparisons and regions; the slope values of the regression of SPOT and MODIS are much closer to 1.0. Therefore, in general, AVHRR and SPOT show better agreement in spatial distribution (Figure 4), while MODIS and SPOT are better in quantitative agreement, for both NDVI and SOS indices (Figure 5). Our approach and result is somewhat different from the previous study, which found differences between AVHRR-related products and SPOT NDVI in Inner Mongolia [14]. According to the scatter plots (Figure 5), the three archives have better agreement in Inner Mongolia than Mongolia on both indices, except for MODIS-SPOT on NDVI (Figure 5A, Inner Mongolia, R2 = 0.768, slope = 1.049; Figure 5B, Mongolia, R2 = 0.926, slope = 1.015).

Figure 5. NDVI scatter plots and regression lines for Inner Mongolia (A–D) and Mongolia (E–H) for the different sensors and periods as labeled. Only pixels where the slope of the trend in both sensors is significant at the 90% level are included.
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Figure 6 shows the spatial correlation coefficient of NDVI and SOS from three archives for interacting periods. In general, MODIS-SPOT gives higher correlations in both NDVI and SOS values than AVHRR-SPOT (comparing Figure 6A,C to 6B,D). The spatial distribution of the linear trends between MODIS and SPOT NDVI during 2000 to 2010 shows high consistency over the majority of the MP (Figure 6A, R > 0.7), while AVHRR and SPOT display less consistency in the northern part (Figure 6B). This is the same in SOS comparison (Figure 6C–D). Compared with land use and the land cover map (Figure 1), it seems that inconsistency mainly occurs in the forest region and near the desert area in both Mongolia and Inner Mongolia.

Figure 6. Correlation coefficient from MODIS and SPOT, and GIMMS and SPOT, of the NDVI and SOS indices at the 90% level are included. (A) MODIS/SPOT NDVI linear correlation from 2000 to 2012; (B) AVHRR/SPOT NDVI linear correlation from 1989 to 2006; (C) MODIS/SPOT SOS linear correlation from 2001 to 2012; (D) AVHRR/SPOT SOS correlation from 1999 to 2006.
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Spatio-temporal correlation of NDVI and SOS from AVHRR and SPOT has less consistency and reliability than SPOT and MODIS in capturing the phenological dynamics, for Inner Mongolia and Mongolia. However, there is better consistency in AVHRR and SPOT from the whole analysis than results on other regions, like the Tibetan Plateau, the Iberian Peninsula and South America [13,14,50,51]. Therefore, we merged AVHRR (1982–1997) and SPOT (1998–2012) datasets to generate a long time series over 30 years for later analysis.



3.3. NDVI, SOS Temporal Dynamics in the Whole MP

Figure 7 shows annual variation of NDVI and SOS in the MP, IM and Mongolia. Overall, the MP has generally not become greener (slope = 0.0002, p = 0.59), in contrast with the global trend [14,34]. However, the mean annual NDVI trend can be divided into three distinct phases: it is enhanced before 1994 (slope = 0.0023, R = 0.66, p = 0.01) following a slightly decreasing trend before 2001 (slope = −0.0045, R = −0.62, p = 0.14) and, finally, a significantly positive recovery from 2001 to 2012 (slope = 0.0038, R = 0.76, p = 0.004) in the MP. The decrease of the vegetation NDVI in the second phase from 1996 to 2000 in IM is mainly due to drought [52,53]. However, in the both regions, increasing spring temperature and precipitation have contributed to vegetation recovery recently [42,54–56].

Figure 7. Annual variation of NDVI and SOS based on different sensors: AVHRR (1982–1997) and SPOT (1998–2012) for Mongolia Plateau (A), Inner Mongolia Province (B) and Mongolia (C).
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Vegetation dynamics between Inner Mongolia and Mongolia are shown in Figure 5B and 5C, with no significant linear trend in NDVI on the Mongolian Plateau and the Republic of Mongolia. There is a slightly enhanced trend in Inner Mongolia NDVI (R = 0.249, p = 0.005). This may be benefited from the ecological projects by the Chinese government, for instance, Grain for Green [51], the Natural Forest Conversion Program [57] and the Beijing-Tianjin Sand Source Control Program [50,58]. Average SOS is also shown in Figure 7A–C. This reveals no significant “earlier spring” feature in the temporal series during the past 31 years in the Mongolian Plateau.




4. Discussion

Mongolia and the province of Inner Mongolia make two ideal objectives to identify policy and climate impacts on the local environment [59,60]. Previous work using remote sensing data on parts or the whole study region suffered from the short temporal coverage of datasets [19,24–27]. In contrast, our work merges two satellite datasets into a dataset covering 30 years (1982–2012), which proves advantageous for the study of trends and to link change trajectories to specific ecological processes. For instance, Chuai (2011) found that the mean growing season NDVI did not change significantly based on analysis of SPOT NDVI from 1998 to 2007 [61]; however, our observations from the longer time series shows there have been changes.

Vegetation recovery in Inner Mongolia is obvious from NDVI changes (R = 0.249, p = 0.005), unlike in Mongolia. Inner Mongolia may have benefited from the ecological projects implemented by the Chinese government, for instance, Grain for Green [51], the Natural Forest Conversion Program [57] and the Beijing-Tianjin Sand Source Control Program [50,58]. Previous studies reported that SOS advanced by 5.2 days in the Northern Hemisphere in the early period (1982–1999), but only by 0.2 days in the later period (2000–2008) [62]. In the northern high latitudes, SOS advanced by 4.7 days per decade [63] and by 1.04 days per year over the Tibetan Plateau [13]. However, our research found no obvious advance of SOS in the Mongolian Plateau. This implies that regreening of vegetation has its local features in different places.



5. Conclusions

This work compared three global satellite-derived datasets on the Mongolian Plateau—AVHRR, MODIS and SPOT—to make a long time series (1982–2012) of the NDVI and SOS indices during the past three decades. The main findings are as follows:


	In terms of temporal changes, SPOT and MODIS have high similarities and consistency from 2000 to 2012. AVHRR and SPOT also has relatively good consistency on the annual trends of average growing season NDVI and SOS during 1998 to 2006. In the spatial patterns, the three archives are comparable, especially SPOT and AVHRR data. Therefore, it is appropriate to merge AVHRR and SPOT into a longer time series data in the Mongolian Plateau.


	Overall, the three archives perform better in Inner Mongolia than in Mongolia based on the scatter plots analysis. Analyzing the combined long time series of AVHRR and SPOT demonstrates that vegetation growth shows a significant ascending trend with three distinct phases in IM: enhanced before 1994 followed by a decreasing trend (severe drought years) until 2001; then, a rapid recovery to 2012. No significant trend is found across 30 years in Mongolia, but it dramatically decreased from 1993 to 2007 and increased afterwards. No significant “earlier spring” feature was found during the past 31 years on the whole Mongolian Plateau.


	Overall, significant vegetation coverage increases in Inner Mongolia were identified compared with Mongolia and that is likely due to the Chinese grassland ecological policy implemented in recent years.
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