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Abstract

:

Monitoring vegetation dynamics (VD) is crucial for environmental protection, climate change research, and understanding carbon and water cycles. Remote sensing is an effective method for large-scale and long-term VD monitoring, but it faces challenges due to changing data uncertainties caused by various factors, including observational conditions. Previous studies have demonstrated the significance of implementing proper quality control (QC) of remote sensing data for accurate vegetation monitoring. However, the impact of different QC methods on VD results (magnitude and trend) has not been thoroughly studied. The fraction of absorbed photosynthetically active radiation (FPAR) characterizes the energy absorption capacity of the vegetation canopy and is widely used in VD monitoring. In this study, we investigated the effect of QC methods on vegetation monitoring using a 20-year MODIS FPAR time series. The results showed several important findings. Firstly, we observed that the Mixed-QC (no QC on the algorithm path) generally produced a lower average FPAR during the growing season compared to Main-QC (only using the main algorithm). Additionally, the Mixed-QC FPAR showed a very consistent interannual trend with the Main-QC FPAR over the period 2002–2021 (p < 0.05). Finally, we found that using only the main algorithm for QC generally reduced the trend magnitude (p < 0.1), particularly in forests. These results reveal differences in FPAR values between the two QC methods. However, the interannual FPAR trends demonstrate greater consistency. In conclusion, this study offers a case study on evaluating the influence of different QC methods on VD monitoring. It suggests that while different QC methods may result in different magnitudes of vegetation dynamics, their impact on the time series trends is limited.
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1. Introduction


As a crucial part of the carbon cycle and energy balance in terrestrial ecosystems, vegetation serves as an indicator of how ecosystems respond to climate change and human activities [1,2,3,4]. Vegetation not only plays an important role in climate regulation, carbon cycling, and hydrological processes but also contributes to soil conservation and reduces greenhouse gas emissions [5,6,7]. However, in the face of global warming, increasing human activities have had a significant impact on global vegetation, making it an urgent issue in discussions about global change [8,9,10,11,12]. Accurately monitoring and assessing vegetation dynamics (VD) over extended periods, as well as identifying the driving mechanisms, is crucial for gaining a comprehensive understanding of human activities, climate change, and the interactions between vegetation and ecosystems [13,14,15,16]. This understanding has important implications for our ability to predict, mitigate, and adapt to future global climate change and its impacts [17,18].



The Northern Hemisphere is characterized by a wide and diverse range of ecosystems and vegetation types that play an important role in the global carbon cycle, climate change, and the water cycle [19,20,21]. Studying the VD in the Northern Hemisphere is crucial for understanding how global vegetation responds and adapts to climate change. This understanding has led to a large number of studies on the VD in the Northern Hemisphere [22,23,24,25]. Satellite remote sensing has greatly improved our ability to monitor global VD due to its long-term series, short observation intervals, and wide coverage [18,26]. There are remote sensing products available with different spatial and temporal resolutions, as well as various application scenarios, which provide a wealth of valuable information for monitoring VD and analyzing its driving factors at multiple scales and over long periods [27,28,29]. These products include vegetation indices, vegetation parameters, vegetation productivity, climate variables, and land cover products. They offer valuable insights into vegetation structure, health status, change trends, and climate response and regulation, enabling us to gain a comprehensive and quantitative understanding of global VD in space and time [15,18,30,31,32].



The fraction of absorbed photosynthetically active radiation (FPAR) is defined as the ratio of vegetation’s absorption of solar radiation energy at wavelengths between 400 nm and 700 nm. This ratio characterizes the strength of vegetation’s photosynthetic capacity [33,34,35]. The FPAR is an essential climate variable (ECV) recognized by the United Nations Global Climate Observing System (GCOS) [36] and is an important biophysical variable that characterizes the exchange of energy, mass, and momentum between vegetation and the atmosphere [37]. The FPAR is closely linked to various factors, such as vegetation species, leaf chlorophyll content, leaf area index (LAI), leaf inclination distribution, solar altitude angle, and skylight conditions [38,39,40]. Therefore, the FPAR provides crucial information about the rate of vegetation photosynthesis, which affects the exchange of energy and carbon between the biosphere and the atmosphere [41]. Monitoring and evaluating FPAR dynamics are crucial for understanding changes in vegetation productivity, climate change impacts, and overall vegetation health [29,42,43].



However, input reflectance data for FPAR retrieval sometimes have high uncertainties due to poor observational conditions, such as cloud/aerosol contamination, large-angle observations, snow and ice cover, and sub-optimal atmospheric corrections [44,45,46,47]. As a result, the “best” retrieval algorithms for many FPAR products are often not realized. Instead, only “backup” algorithms with less precision, accuracy, and stability are used and flagged in the quality layer [47,48,49,50]. Due to their advantages, such as a clear theoretical basis, relatively high spatial and temporal resolution, and free access, MODIS FPAR products have been widely used in various fields since they were first released in 2000 [29]. In the MODIS FPAR product, the operational algorithms include a main algorithm based on the radiative transfer (RT) model and a backup empirical method based on relations between the normalized difference vegetation index (NDVI) and the FPAR [48]. However, if the solar observation zenith angle is too large, the atmospheric correction is not ideal, or the surface is covered by snow and ice, the bidirectional reflectance factor (BRF) may have large uncertainty, and the accuracy of the radiative transfer model will be reduced. This leads to the failure of the main algorithm and the execution of the backup algorithm [44,48,51,52]. Additionally, an inaccurate input biome classification map can also cause the main algorithm to fail [44]. Therefore, the MODIS FPAR product includes retrieval results for two different algorithm paths and provides the algorithm paths as critical quality control (QC) information to the user [44,53,54,55].



The QC information provides information about the relative reliability and accuracy of the remote sensing products. Researchers can use this information to filter the inversion results with higher quality, thereby improving the reliability of the research results or developing improved re-analysis datasets based on QC [49,56,57,58,59,60,61]. However, as an important source of uncertainty in remote sensing products, differences in QC may lead to less reliable vegetation monitoring results or even contradictory conclusions [18,62,63,64,65]. Although research has been conducted on the impact of MODIS products’ QC on specific applications [66,67], there is still a lack of research on the impact of QC on long-term vegetation change. Therefore, there is an urgent need to understand how remote sensing products under different QC methods affect vegetation monitoring over long time series to ensure the reliability of related studies such as “Greening the Earth”. This study aims to address the following three issues using the example of the MODIS C6.1 FPAR time series from 2002–2021. First, whether there is a systematic overestimation or underestimation of FPAR values with QC versus without QC. Second, while the QC information clearly indicates the presence of a low-quality FPAR, does this lead to a fundamental change in the trend direction of the time series data? Finally, whether there is a difference in trend magnitude between the FPAR with QC and without QC. To address these issues, we compared the magnitude of the different QC FPARs and used the Mann–Kendall (MK) test, Sen’s slope method, and linear trend analysis to statistically analyze the long-term trends of the FPAR in the Northern Hemisphere growing season under different QC methods. This study can reveal the long time series trend of the vegetation FPAR in the Northern Hemisphere and guide the use of global vegetation products.




2. Materials and Methods


2.1. Study Area


The study area includes the entire Northern Hemisphere north of the equator. This includes North America, Europe, most of Asia, the northern half of Africa, and northern South America. The region’s diverse climatic types, topographic distribution, precipitation, and temperature have given rise to various vegetation types. These include eight biome types: grasses/cereal crops, shrubs, broadleaf crops, savannas, evergreen broadleaf forests (EBF), deciduous broadleaf forests (DBF), evergreen needleleaf forests (ENF), and deciduous needleleaf forests (DNF) [68]. The distribution and percentage of each biome type can be seen in Figure 1. In this study, we used the growing season averaged FPAR (GSA FPAR) for our analysis. Referring to previous studies [69,70], we defined the vegetation growing season in the Northern Hemisphere as May through September each year. This period is the peak of vegetation growth and selecting it as the study time frame allowed us to concentrate on the critical period of vegetation growth.




2.2. Datasets


2.2.1. MODIS FPAR Product


The FPAR data used in this study are the MODIS C6.1 FPAR product (MOD15A2H) with a time interval of 8 days and a raw spatial resolution of 500 m [71]. In the QC layer of this product, the algorithm path of this FPAR product is divided into a main algorithm based on the RT model and a backup algorithm based on the empirical relationship between the FPAR-NDVI [48]. The operational retrieval algorithm first executes the main algorithm, which is flagged as saturated (Main-S) if the input reflectance is oversaturated in the case of a high-density canopy. If the uncertainty of input reflectance is greater than a threshold or the sun–sensor geometry is bad, the main algorithm may not find a solution. In this case, the backup algorithm with lower accuracy is executed [44]. Based on this algorithm information, we categorize the MODIS FPAR QC methods into two types: only using the main algorithm retrievals (Main-QC) and using both main and backup algorithm retrievals (Mixed-QC). All MODIS FPAR products are available via LP DAAC (https://lpdaac.usgs.gov/products/mod15a2hv061/, accessed on 20 December 2023).




2.2.2. MODIS Land Cover Product


The MCD12Q1 C6.1 product is the latest MODIS land cover product obtained from a supervised classification using MODIS Terra and Aqua observations. The map projection for this product is the same as the FPAR product. For the purpose of this study, we utilized LC_Type3 (Land Cover Type 3: Annual LAI Classification) for vegetation type classification [68]. The MCD12Q1 C6.1 product is available via LP DAAC (https://lpdaac.usgs.gov/products/mcd12q1v061/, accessed on 21 December 2023).





2.3. Methods


This study is based on MODIS C6.1 FPAR products and MODIS C6.1 land cover products for the Northern Hemisphere. The main steps include (1) data pre-processing and (2) trend analysis. The specific technical route is shown in Figure 2.



2.3.1. Data Pre-Processing


In this study, we first reduced the amount of data by decreasing the spatial resolution to 5 km × 5 km using the nearest-neighbor sampling method for computational efficiency. Second, we masked the non-vegetated areas of each dataset (water bodies, bare land, and cities) using MCD12Q1 for each year to minimize the effects of permanent snow and ice. Then, we separately screened the Main-QC FPAR and the Mixed-QC FPAR to obtain the MODIS FPAR time series under the two QC methods. In addition, to ensure more consistent spatial and temporal continuity between the two sets of time series data, we filled in missing data using simple arithmetic averaging in climatology. This method calculates the multiyear mean for the same period to fill in the gaps for each period of each time series [72]. In this study, the data used for filling were the 20-year mean from 2002 to 2021.



Finally, we extracted the GSA FPAR for each year from the pre-processed MODIS FPAR data as the analyzed data, which can be calculated using the following formula:


  G S A   F P A R =     ∑  i = n   n + 16      F P A R   i       16   ,  



(1)






    G S A   B     F P A R =     ∑  j = 1   k    (   G S A   F P A R )   j       k   ,  



(2)




where   G S A   F P A R   represents the average FPAR of 16 composites for a given pixel over the growing season,     G S A   B     F P A R   represents the average FPAR for the entire Northern Hemisphere for a given vegetation type,   i   represents the i-th composite of the FPARs for the growing season, and   k   represents the number of pixels for that vegetation type   B  .




2.3.2. Trend Analysis Methods


In this study, we conducted a linear trend analysis to examine the long-term trends in the     G S A   B     F P A R   for eight vegetation types in the Northern Hemisphere vegetation zone from 2002 to 2021. The slope of the linear regression equation was used to represent the interannual trend of the   F P A R  . Significance was evaluated using a t-test and classified (p < 0.001), significant (p < 0.05), and weakly significant (p < 0.1). The MK test is a trend analysis tool recommended by the World Meteorological Organization (WMO) [73]. It was first proposed by Mann and reformulated by Kendall in a way that does not require assuming a particular form of the data distribution function [74,75]. In the MK test, a positive value of the MK statistical indicator (Z) indicates an upward trend, and a negative value indicates a downward trend. The trend in the time series data was tested at a significance level α. When |Z| is greater than or equal to 1.64 (α = 0.1), 1.96 (α = 0.05), and 2.58 (α = 0.01) in the MK test, this means that the time series passes the significance test at the confidence level of 90%, 95%, and 99%, respectively. In this paper, we selected α = 0.1 in order to obtain as much comparison data as possible.



In this study, the magnitude of the trend is assessed using Sen’s estimator of the slope [76] and calculated using the following formula:


    S   i   =     x   b   −   x   a     b − a   i = 1 , … , N ,  



(3)




where     x   a     and     x   b     represent the time series values at time points   a   and   b  , respectively (where   b > a  ). The median of the   N   values for     S   i     was taken to obtain the Sen’s slope estimator. A positive value for the Sen’s slope estimator indicates an upward trend in the time series, while a negative value indicates a downward trend.






3. Results


3.1. Comparison of FPAR Spatial Distributions


The multiyear mean GSA FPAR from 2002 to 2021 showed that the Mixed-QC FPAR was lower than or equal to the Main-QC FPAR for 99.23% of Northern Hemisphere vegetation (Figure 3a). Among these, approximately 50.67% of the Mixed-QC FPAR had smaller values compared to the Main-QC algorithm, while around 48.56% were nearly equal. The Mixed-QC algorithm primarily underestimated the FPAR compared to the Main-QC algorithm in high-latitude areas and tropical rainforests. However, there were a few areas at the southern edge of the Sahara Desert where the Mixed-QC FPAR exhibited higher values than the Main-QC. The smallest average difference in the FPAR was observed between 30° N and 50° N, while the largest differences were found between 18° N and 30° N and between 0° and 10° N (Figure 4a). Therefore, without controlling for the algorithm path, regions such as high latitudes and tropical rainforests had slightly lower mean FPAR values compared to the Main-QC. This difference can be attributed to the incorporation of more FPAR data from the backup algorithm, which has been shown in previous studies to underestimate the main algorithm [77].



Furthermore, we computed the standard deviation of the multiyear GSA FPAR over 20 years (Figure 3b). The analysis revealed that the overall standard deviation of the Mixed-QC FPAR was equal to or greater than that of the Main-QC, representing 97.07% of the total vegetated pixels. Among them, approximately 69.5% of the Mixed-QC FPAR had higher values than the Main-QC, while around 27.57% were approximately equal. Spatially, the regions with higher mixed FPARs compared to the Main-QC were primarily located in high-latitude and tropical areas. When examining the average differences in standard deviation based on latitude, the smallest discrepancy was observed between 30° N and 50° N, while the largest discrepancies were found between 18° N and 30° N and between 0° and 10° N (Figure 4b). This may be due to the presence of a higher frequency of cloudy and rainy weather in the tropical region during the growing season period, which leads to a decrease in the quality of the observations in this region and brings more low-quality backup algorithm FPAR data. These results suggest that backup algorithm FPAR data without controlling the algorithm path increases the variability and decreases the stability of the time series data.




3.2. Comparison of FPAR Histograms


The Mixed-QC exhibits a lower multiyear mean GSA FPAR and higher standard deviations compared to the Main-QC (Figure 5). For non-forest vegetation, the frequency histogram curves of the FPAR for both methods exhibit similar distribution patterns. Specifically, within the grasses/cereal crops category, the frequency histogram curves of the two methods almost overlap, with nearly equal standard deviations. However, the Mixed-QC FPAR is slightly lower (0.315 vs. 0.32). The largest differences are observed for the shrub vegetation type, where the curve of the Main-QC peaks slightly to the right, and the average FPAR is higher than that of the Mixed-QC (0.382 vs. 0.408).



In forests, the Mixed-QC still exhibits lower a multiyear mean GSA FPAR and higher standard deviations. However, the differences were significantly greater in forests compared to non-forest types. Specifically, in the frequency distribution histogram curves of the EBF, DBF, and DNF types, the Mixed-QC shows a leftward shift and lower peak positions compared to the Main-QC. The largest difference is observed in the EBF vegetation type, where the Mixed-QC has a lower FPAR than the Main-QC (0.637 vs. 0.737), and a larger standard deviation (0.139 vs. 0.095). The smallest difference is observed in the DNF type, where the Mixed-QC FPAR is only slightly lower by 0.019 (0.707 vs. 0.726), and the standard deviation is only slightly higher by 0.001 (0.034 vs. 0.033).




3.3. Comparison of 20-Year FPAR Trends


The annual     G S A   B     FPAR for the Northern Hemisphere followed a similar trend for both QC methods from 2002 to 2021 (Figure 6). However, the Mixed-QC consistently had smaller annual     G S A   B     FPAR compared to the Main-QC for each corresponding year. Notably, grasses/cereal crops, broadleaf crops, and savannas showed a highly significant increase in annual     G S A   B     FPAR for all three non-forest vegetation types (p < 0.001). In the shrubs type, the Main-QC exhibited a highly significant increase (p < 0.001), while the Mixed-QC showed a significant increase (p < 0.05). The annual growth rate of the Mixed-QC FPAR was slightly higher than that of the Main-QC for all four vegetation types. In forest vegetation, the Mixed-QC still had a smaller annual     G S A   B     FPAR than the Main-QC, with the largest difference observed in the EBF type. In terms of trend, both QC methods showed significant increases (p < 0.05) for all three vegetation types, except for EBF, where the Main-QC had a slightly larger slope than the Mixed-QC for DBF vegetation and the Main-QC had a slightly smaller slope than the Mixed-QC for ENF and DNF vegetation.



The GSA FPAR values between the Main-QC and Mixed-QC were generally consistent across most regions from 2002 to 2021 (Figure 7). Without the MK test, approximately 59.35% of the vegetated area showed almost equal annual changes between the Main-QC and Mixed-QC, with noticeable differences concentrated in tropical and high latitude regions (Figure 7a). After conducting the MK trend test, the areas that passed the trend test were similar for both QC methods (32.5% vs. 29.72%, p < 0.1), and the areas with significant changes were highly consistent (Figure 7b). Among these areas, approximately 27.79% and 25.42% of the pixels showed a significant increase for the Main-QC and Mixed-QC, respectively, primarily in Asian regions such as China and India, consistent with existing research [78]. The proportion of pixels with a significant decrease was 4.7% and 4.3% for the Main-QC and Mixed-QC, respectively, mainly located in regions on the edge of the Sahara Desert. In terms of trend magnitude, approximately 63.43% of the regions showed similar trends between the Main-QC and Mixed-QC, while the Main-QC had a greater trend magnitude in 29.18% of the regions, and a smaller trend magnitude in 7.39% of the regions.



The frequency distribution of the trend magnitude shows a significant difference between the Main-QC and Mixed-QC under EBF vegetation, while the remaining seven vegetation types are more consistent (Figure 8). Overall, the mean trend magnitude and standard deviation were slightly higher for the Mixed-QC compared to the Main-QC, but the number of pixels passing the MK test was lower for the Mixed-QC. In non-forested vegetation, the histogram curves for grasses/cereal crops and broadleaf crops almost overlapped, with similar mean trend magnitudes and standard deviations under both QC methods. However, the shrubs type showed significant variation, with the Mixed-QC having a slightly rightward and smaller peak in the curve, as well as a higher mean trend magnitude and standard deviation compared to the Main-QC (0.0036 ± 0.0016 vs. 0.0028 ± 0.0013). In forests, the differences in the frequency distribution of trend magnitude were more pronounced. EBF exhibited the largest difference, with the Mixed-QC showing a wider bandwidth, lower peaks, peaks shifted away from 0, and a larger mean and standard deviation compared to the Main-QC (0.0012 ± 0.0047 vs. 0.0004 ± 0.0022). Additionally, we plotted the percentage of trends for different vegetation types under the two QC methods over 20 years from 2002 to 2021 (Figure 9). The results showed that the percentage of significant increase in the FPAR was higher for the Main-QC, except for B8 (DNF). The percentage of a significant decreasing trend was similar between the Main-QC and Mixed-QC, except for B6 (DBF), B7 (ENF), and B8 (DNF).





4. Discussion


4.1. Understanding the Inconsistency in Different Quality Control Methods


From the comprehensive evaluation of the above sections, we can conclude that in the trend test for long time series, the Main-QC FPAR and Mixed-QC FPAR have the same trend direction, but there are differences in the values and trend magnitude. For the MODIS FPAR product, due to the lack of quality control, the Mixed-QC FPAR includes a backup algorithm FAPR in addition to the main algorithm FPAR [71]. The backup algorithm is derived by establishing an empirical relationship between the main algorithm FAPR and the corresponding NDVI [79]. Empirical methods have few parameters, are simple and efficient to compute, but the vegetation index itself is affected by factors such as soil background, observation angle, atmospheric conditions, and saturation effects, resulting in the high uncertainty of the algorithm [80,81,82,83]. As a result, the backup algorithm has lower inversion accuracy and reliability than the main algorithm, which will lead to greater volatility (higher Std) in the Mixed-QC FPAR time series as well as differences in both FPAR values and trend magnitude between the two QC methods. Previous studies have shown that the backup algorithm underestimates the FAPR with respect to the FPAR of the main algorithm [77]. However, this underestimation appears to be systematic, in that the direction of the trend in the time-series data is very consistent despite the differences in values and trend magnitudes.




4.2. Impact of Quality Control on Vegetation Monitoring


The results of this study provide valuable insights into the effects of different QC methods on VD in the Northern Hemisphere from 2002 to 2021. We observed a consistent and significant trend in the FPAR across different QC methods. However, we found some notable differences in the GSA FPAR, areas of significant change, and trend magnitude across the QC methods. One important finding is that the Mixed-QC FPAR consistently showed smaller values compared to the corresponding Main-QC. This discrepancy is attributed to the backup algorithm underestimating the FPAR when compared to the main algorithm [77]. This underestimation is detrimental to assessing the impact of factors such as land use management, short-term climate change, etc., on the FPAR, as a lower or higher FPAR may be due to QC. This may interfere with the designation of land use management policies. The lower precision of the backup algorithm also contributes to a larger standard deviation in the multiyear Mixed-QC GSA FPAR, exacerbating the variability in the MODIS FPAR time series.



Furthermore, we examined the area of significant change and trend magnitude for both Main-QC and Mixed-QC methods. The Main-QC exhibited a larger area (32.50%) of significant change compared to the Mixed-QC (29.72%). Regarding the trend magnitude, the Mixed-QC generally showed slightly larger trends in the FPAR compared to the Main-QC, both in the interannual FPAR time series analysis and pixel-by-pixel trend analysis. For instance, in the interannual FPAR time series of Shrubs, the Mixed-QC exhibited an annual growth magnitude 25% higher than the Main-QC (Figure 6). Similarly, in the pixel-by-pixel trend analysis of the ENF trend, the Mixed-QC displayed an average annual growth magnitude 45% higher than the Main-QC (Figure 8).



In existing long-term vegetation monitoring studies, researchers tend to place more emphasis on the overall trend of vegetation (whether it is turning green or brown), the drivers of change, and the response and regulation of vegetation to climate [30,32,84,85,86,87,88]. The determination of the change area is often given as an approximate range. This is because it is very difficult to accurately and unambiguously determine vegetation change through remote sensing. In addition, it is more important to know the direction of vegetation trends and the driving factors behind them than to accurately determine the area or trend magnitude in order for humans to understand and respond to global climate change, formulate appropriate policies for sustainable development, and improve and refine land-use management [78,89,90,91,92]. However, despite the limited influence of different QC methods on the monitoring of long time series vegetation trends, we still recommend referring to the QC documents of remote sensing products and selecting high-quality inversion results for the study, which can enhance the reliability and accuracy of the study to a limited extent. In addition, studies can be carried out using reanalyzed datasets with higher product quality, better spatial and temporal continuity, and more internal consistency compared to the original ones [60,61,93].




4.3. Limitations and Future Works


When performing QC on the product, it inevitably disrupts the data both in terms of time and space. Therefore, to ensure that the two QC methods have relatively consistent continuity in both time and space, we filled in the missing data in the time series of the two QC methods during the preprocessing stage using climatology. The filled data consisted of the 20-year averages of the data for that period from 2002 to 2021 under each QC method. However, it is important to note that the filled data may not fully represent the true data for that period, which could potentially affect the trend analysis.



However, besides its significance as a physiological parameter that reflects vegetation growth processes, the FPAR is also a crucial factor in terrestrial ecosystem modeling. Therefore, it is essential to thoroughly evaluate the effects of different QC approaches for the FPAR on the simulation results of terrestrial ecosystem models in future research. Despite these uncertainties, our work presents a valuable case for quantifying the impact of remote sensing data products on monitoring VD with different QC methods.





5. Conclusions


In this study, we investigated the impact of QC on vegetation monitoring in the Northern Hemisphere using MODIS C6.1 FPAR time series. Our analyses used linear trend analysis, the MK test, and Sen’s slope. The results revealed several important findings. First, the Mixed-QC FPAR was smaller overall than the Main-QC FPAR. In addition, we found that although differences in QC methods led to differences in FPAR values, the trend direction of the long-term series was consistent. Specifically, the interannual GSA FPAR of Northern Hemisphere vegetation showed a consistent and significant (p < 0.05) increasing trend. Pixel-by-pixel trend analysis showed that 25.42% of the Mixed-QC FPAR showed a significant increasing trend and 4.3% showed a decreasing trend, whereas the positive and negative trends for the Main-QC FPAR were 27.79% and 4.7%, respectively. This indicates that both QC methods were equally effective in capturing significant trends in vegetation. Finally, although the FPAR time series trend direction was the same for both QC methods, there were differences in the trend magnitude. Specifically, the trend magnitude was higher for Mixed-QC than for Main-QC, and this difference was more pronounced in forests. Overall, the time-series FPAR trends for the two QC methods were in the same direction, but there were differences in values and trend magnitudes. These differences can be attributed to the inclusion of the backup algorithm FPAR with lower inversion accuracy in the Mixed-QC FPAR. However, due to the systematic nature of this difference, its impact on the trend direction is minimal. In conclusion, the results of this study highlight the influence of different QC methods on vegetation trends in the Northern Hemisphere, and although this influence does not reverse the conclusions of the study, it is still recommended to select high-quality inversion results based on quality control documentation or to use internally consistent, high-quality reanalyzed datasets in order to improve the reliability of the study results.
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Figure 1. Biome coverage map of the study area in 2021. 
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Figure 2. Flowchart of QC analysis of the MODIS FPAR time series for vegetation monitoring in the Northern Hemisphere. 
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Figure 3. Spatial distribution of the GSA FPAR in the Northern Hemisphere under different QC methods: (a) multiyear mean of the GSA FPAR for 2002–2021 and (b) standard deviation of the multiyear GSA FPAR for 2002–2021. The first row represents the result of the Main-QC, the second row represents the result of the Mixed-QC, and the third row represents the result of the Mixed-QC minus Main-QC. The white areas on the land surface indicate that the differences between the two QC methods are small and negligible. 
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Figure 4. Latitudinal differences under different QC methods in: (a) the multiyear mean GSA FPAR and (b) the multiyear GSA FPAR standard deviation. 
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Figure 5. The histogram curves demonstrate the frequency distribution of the multiyear mean GSA FPAR under different QC methods. Pixels were masked from 2002 to 2021 when vegetation types transitioned to other types. In addition, pixels with valid values under both QC methods were selected for statistical analysis. 
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Figure 6. The interannual trends of the Main-QC     G S A   B     FPAR and the Mixed-QC     G S A   B     FPAR in the Northern Hemisphere from 2002 to 2021. 
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Figure 7. Spatial distribution of Northern Hemisphere GSA FPAR trends and their differences for different QC methods. (a) The trend estimates were based on Sen’s slopes. (b) The trend estimates that passes the MK significance test. Only pixels with a statistical test (Z) greater than or equal to 1.64 and a significance level greater than 90% are retained here. The white areas on the land surface vary less and can be considered roughly equal. 
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Figure 8. The frequency distribution of GSA FPAR trends in the Northern Hemisphere under different QC methods. Only pixels that showed no change in vegetation type between 2002 and 2021 and passed the MK significance test were selected for statistical analysis. 
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Figure 9. Percentage of four trends (no significant trend, significant decrease, and significant increase) in the GSA FPAR under different QC methods between 2002 and 2021. The trend was categorized as no significant trend if it did not pass the significance test or passed the significance test but the absolute value of the change was less than 0.001 and as a significant increase (decrease) if it passed the significance test and the absolute value of the change was greater than 0.001. 
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