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Abstract

:

Vegetation phenology is a key biological indicator for monitoring terrestrial ecosystems and global change, and regions with the most obvious phenological changes in vegetation are primarily located at high latitudes and altitudes. Over the past three decades, investigations of obvious phenological changes in vegetation at middle and high latitudes in the Northern Hemisphere have provided significant contributions to understanding global climate change. In this study, phenological parameters were extracted from the Global Inventory Modeling and Mapping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI3g) to analyze the spatial and temporal characteristics of vegetation phenological changes above 40°N in the Northern Hemisphere from 1982–2013. The results showed that the start of season (SOS) was significantly advanced (−2.2 ± 0.6 days·decade−1, p < 0.05) and that the end of season (EOS) was slightly delayed (0.78 ± 0.6 days·decade−1, p = 0.21) over the entire study area in the initial 21 years (1982–2002). When the time scale was extended to 2013, the change rate of the SOS and EOS was significantly reduced; in addition, the SOS was delayed (3.2 ± 1.7 days·decade−1, p < 0.05), and the EOS was advanced (4.5 ± 0.9 days·decade−1, p < 0.05) over the entire study area in the last 11 years (2003–2013). The trends of advanced SOS and delayed EOS over the past three decades were slower than those over the initial two decades on a hemispheric scale. The change trends showed obvious variability with different vegetation types and were greater for woody plants than for herbaceous plants. For broad-leaved forest, the SOS was significantly advanced (2 ± 0.5 days·decade−1, p < 0.05) and the EOS was significantly delayed (2.7 ± 0.6 days·decade−1, p < 0.05) from 1982–2013. The trend of delayed EOS was greater than that of advanced SOS for different vegetation types. With respect to the spatial distribution of phenological trends in the Northern Hemisphere, the trends of advanced SOS and delayed EOS were strongest in Europe followed by North America, and the trends were least significant in Asia. Coniferous forest, shrub forest, grassland, and the entire study area have the same change trends for the two time periods (1982–2002 and 2003–2013), and the increased rate of the phenology parameters has decelerated over the most recent decade. The length of season (LOS) of broad-leaved forest and mixed forest over the past 32 years shows a strong increased trend, and simultaneously, the SOS and EOS show an advanced trend and a delayed trend, respectively.
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1. Introduction


Global warming is an undeniable phenomenon [1], and global climate change is a major environmental problem; thus, it has become a focal point for governments, researchers, and the public in different countries. In the Third Assessment Report (2001) by the Intergovernmental Panel on Climate Change (IPCC), the global average surface temperature was reported to have increased by 0.6 ± 0.2 °C since 1860, with the greatest climate warming occurring from 1976–2000. In the Fourth Assessment Report (2007) by the IPCC, the top 14 warmest years have all occurred in the last 12 (2000–2012) years on record since 1850 [1].



Global climate change, including temperature increases, precipitation distribution pattern changes, and increases in extreme events, has significantly impacted terrestrial vegetation and changed vegetation distribution patterns, growth cycles, and species compositions. The relationship between vegetation and climate is complex, with climate change affecting vegetation distribution patterns, which have a direct feedback effect on climate change. Ecosystems that are most obviously impacted by global warming are mainly located at high latitudes and altitudes [2,3,4,5,6]. In these regions, vegetation is substantially influenced by cold weather and has a particularly sensitive response to climatic warming. The flowering phase and survival mode of such vegetation exhibit different changes from those at low latitudes and altitudes. The unique geographical location at high latitudes and altitudes provides a rare opportunity for detecting climate-driven changes in vegetation and serves as an ideal location for monitoring global change. Research on vegetation phenological changes at high latitudes and altitudes provides valuable information for predicting early adverse changes in natural resources at the middle and high latitudes of the Northern Hemisphere. Such work is crucial for understanding the potential impact of climate change on natural ecosystems to maximally reduce the negative impact of climate change and utilize its advantages. Relevant studies are of great significance for determining the impact of global climate change.



Phenology has been extensively studied in different areas of research, such as climate change [7], biodiversity [8], wildlife ecology [9], snow dynamics [10], fires [11], and crops [12]. Land surface phenology (LSP) is an essential factor for measuring dynamic changes in vegetation landscapes. LSP is strongly correlated with climatic factors [13] and has been widely used to monitor the response of ecosystems to climate change [14] and to understand life cycle events of vegetation in response to global change. Traditional vegetation phenology monitoring primarily involves field observations, which cost substantial manpower and resources and have low time efficiency and limited observational scope. The rapid development of remote sensing technology has provided a new method for monitoring and researching vegetation phenology. Remote sensing technology is capable of performing large-scale monitoring of phenological changes in long time-series, which is the main source of remote sensing data for vegetation phenology monitoring [15,16,17,18].



On regional and global scales, vegetation phenology serves as a key biological indicator for monitoring terrestrial ecosystems and global change. To date, a number of studies have used long time-series data to investigate vegetation phenological changes at the middle and high latitudes of the Northern Hemisphere (Table 1 ([6,19,20,21,22,23,24,25,26,27])), and they have found that obvious phenological trends occurred over the Northern Hemisphere in the 1980s and 1990s [6,19,20,21,22,23,24,25,26,27].
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Table 1. Previously reported changes of phenology (days·decade−1) from long-term satellite data over Northern Hemisphere in different regional scale [6,19,20,21,22,23,24,25,26,27].







Table 1. Previously reported changes of phenology (days·decade−1) from long-term satellite data over Northern Hemisphere in different regional scale [6,19,20,21,22,23,24,25,26,27].







	
Reference

	
Period

	
Type

	
Region

	
SOS

	
EOS

	
LOS






	
Myneni et al. (1997) [19]

	
1982–1991

	
AVHRR

	
≥40°N

	
−8

	
4

	
12




	
Tuker et al. (2001) [20]

	
1982–1991

	
AVHRR

	
45°N–75°N

	
−6.2

	

	
4.4




	
Tuker et al. (2001) [20]

	
1992–1999

	
AVHRR

	
45°N–75°N

	
−2.4

	

	
0.6




	
Zeng et al. (2011) [6]

	
2000–2008

	
AVHRR

	
Arctic

	
−0.2

	
2

	
2.2




	
Piao et al. (2006) [21]

	
1982–1999

	
AVHRR

	
China

	
−7.9

	
3.7

	
11.6




	
Stockli et al. (2004) [22]

	
1982–2000

	
AVHRR

	
Europe

	
−6

	
4.7

	
10.7




	
Zhou et al. (2001) [23]

	
1982–1999

	
AVHRR

	
Eurasia

	
−3.3

	
6.1

	
13.3




	
de Beurs et al. (2005) [24]

	
1985–2000

	
AVHRR

	
Eurasia

	
−4.5

	

	




	
Zeng et al. (2011) [6]

	
2000–2008

	
AVHRR

	
Eurasia

	
−0.3

	
2.6

	
2.9




	
Zhou et al. (2001) [23]

	
1982–1999

	
AVHRR

	
40°N–70°N North America

	
−4.3

	
2

	
6.3




	
de Beurs et al. (2005) [24]

	
1985–1999

	
AVHRR

	
North America

	
−6.6

	

	




	
Zhu et al. (2012) [25]

	
1982–2006

	
AVHRR

	
North America

	
−1.3

	
5.5

	
6.8




	
Zeng et al. (2011) [6]

	
2000–2008

	
AVHRR

	
North America

	
−0.1

	
1.1

	
1.2




	
Jeong et al. (2011) [26]

	
1982–1999

	
AVHRR

	
Northern Hemisphere

	
−3.1

	
2.5

	
5.6




	
Jeong et al. (2011) [26]

	
2000–2008

	
AVHRR

	
Northern Hemisphere

	
−0.2

	
2.6

	
2.8




	
Wang et al. (2015) [27]

	
1982–2011

	
AVHRR

	
30°N–75°N

	
−1.4

	

	









These studies show that the start of season (SOS) was advanced by various degrees in various regions. De Beurs et al. [24] reported that the SOS advanced by 4.5 days·decade−1 in Eurasia (1985–2000) and 6.6 days·decade−1 in North America (1985–1999). Zhou et al. [23] found that the SOS was advanced by 3.3 days·decade−1 in Eurasia from 1982–1999. Jeong et al. [26] reported that the SOS was advanced by 3.1 days·decade−1, the end of season (EOS) was delayed by 2.5 days·decade−1, and the length of season (LOS) was extended by 5.6 days·decade−1 over the Northern Hemisphere (1982–1999). Zhou et al. [23] studied phenological changes in North America (40°N–70°N) from 1982–1999 and found that the SOS was advanced by 4.3 days·decade−1, the EOS was delayed by 2 days·decade−1, and the LOS was extended by 6.3 days·decade−1 over 18 years in the study area. According to Piao et al. [21], the pattern showed an advancement of 7.9 days·decade−1 in China. Overall, the phenological trends have been greater in Eurasia than in North America, and the strongest change has occurred in Europe.



However, vegetation phenological trends are significantly reduced after 2000 compared with before 1999. Jeong et al. [26] reported that the SOS was advanced by 0.18 days, the EOS was delayed by 2.3 days, and the LOS was extended by 2.5 days from 2000 to 2008. A study by Zeng [6] showed that the SOS was advanced by 0.2, 0.3, and 0.1 days·decade−1 in the Arctic, Eurasia, and North America, respectively, from 2000–2008. Moreover, Wang et al. [27] found a reduction in the trend of advancing SOS and noted that it was delayed in the Northern Hemisphere (30°N–75°N) after 2000.



In summary, the impact of global climate change on vegetation phenology has varied in different regions, with either positive or negative changes observed. A comprehensive study on phenological changes in representative regions in the world allows for a deeper understanding of global climate change. Despite numerous studies on phenological changes, the degree of response to climate change varies in different ecosystems, land cover types, regions, and elements. The question remains whether the LSP of different land cover types is differentially impacted by climate change in the same region. These issues are of great concern to the scientific community. Although research data have been obtained at the middle and high latitudes of the Northern Hemisphere, the majority of available data are derived from 1982–1999, with limited data availability after 2000. Thus, it is unclear whether the LSP has continued to change after 2000 according to the previous trends; this issue warrants further investigation. Although most studies have focused on SOS trends [20,24,27], changes in the EOS are also important. Several studies found that change trends of the EOS were greater than those of the SOS [6,23,25,26]. A combined analysis of the SOS and EOS for vegetation at the middle and high latitudes in the Northern Hemisphere is more helpful for understanding the degree to which vegetation responds to climate change.



The present study has been conducted above 40° N in the Northern Hemisphere, where the response of vegetation to global climate change is more sensitive, and the spatial and temporal changes in vegetation phenology have been investigated over the study area on different scales. The main objectives of this study are as follows: (1) analyze the spatial-temporal distribution patterns and change trends of vegetation phenology above 40°N in the Northern Hemisphere on a pixel scale; (2) clarify whether phenological changes over the past three decades followed the same trends as those over the initial two decades on a hemispheric scale, with a focus on the variability of phenological changes in the latter decade compared with the prior two decades; (3) reveal the characteristics of phenological changes for different vegetation types at the middle and high latitudes of the Northern Hemisphere; and (4) comparatively analyze the similarity and variability of phenological changes in the Northern Hemisphere from 1982–2013 on different scales in comparison with previous studies.




2. Materials and Methods


2.1. GIMMS NDVI3g Dataset


The Global Inventory Modeling and Mapping Studies (GIMMS) Normalized Difference Vegetation Index 3rd generation (NDVI3g) dataset was used in this study. It is the latest version of the GIMMS NDVI, generated from the Advanced Very High Resolution Radiometers (AVHRR) onboard a series of National Oceanic and Atmospheric Administration (NOAA) satellites (NOAA-7, 9, 11, 14, 16–19), and it covers the period from July 1981 to December 2013, with 15-day composite and 8 km spatial resolution images. GIMMS 3g integrates data from NOAA-17 and 18 to improve the length and quality of the GIMMS-NDVI record and uses Sea-Viewing Wide-Field-of-View Sensor (SeaWifs) (along with SPOT VGT) data to combine the AVHRR/2 and AVHRR/3 datasets to address the discontinuity north of 72°N present in GIMMSg [28,29,30] . This dataset has improved data quality in the high latitudes compared with earlier versions. The GIMMS 3g NDVI data that are flagged as having been influenced by clouds or snow cover (flag = 3–6) are retrieved from either spline interpolation or average seasonal profiles, where flag = 1 and 2 indicate good values and flag 7 = missing data. The GIMMS 3g dataset provides direct access at NASA Ames Ecological Forecasting Lab [31].




2.2. Land Cover Data


A land cover map was used for analysis of and discussion on the agreement and discrepancies of vegetation phenology for different land cover types. We chose the Global Land Cover 2000 (GLC-2000) [32] dataset for this study. The GLC-2000  [32] land cover product was used because it was based primarily on SPOT vegetation daily 1 km data and because of the independence of the GIMMS dataset [10]. The GLC 2000 land cover classes were reclassified into 8 major land cover classes: Broad-leaved forest; coniferous forest; mixed forest (coniferous + broad-leaved); shrub forest; grassland; farmland; no vegetation; and water bodies (Figure 1).




2.3. Climate Data


To further analyze whether the temperature change had an impact on vegetation phenology changes, the Northern Hemisphere land temperature anomalies data from 1880 to 2014 were download from NOAA's National Centers [33]. The term temperature anomaly means a departure from a reference value or long-term average. A positive anomaly indicates that the observed temperature was warmer than the reference value, while a negative anomaly indicates that the observed temperature was cooler than the reference value [34]. In this paper, we used temperature anomalies from 1982 to 2013 for our analysis.




2.4. Phenology Metrics


Currently, products of long time-series datasets commonly use the Maximum Value Composite (MVC) method, including GIMMS 15-day MVC products, MODIS 8-day products, 16-day MVC products, and SPOT VGT 10-day MVC products. However, due to the effects of cloud, atmosphere, sensor, and surface bidirectional reflectance, the original NDVI time-series, which has been synthesized, partially contains singular values. Performance limitations utilizing these data are perceptible, especially in a single cell where the main focus is the phenomenon of a NDVI time-series dip in the graph or a needlepoint hump. Singular values affect dataset precision, necessitating a further process to reduce the influence of the noise and provide more effective time-series datasets.
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Figure 1. Main vegetation types of the study area [32]. 
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Many scholars have proposed several reconstruction algorithms for time-series, such as the best index of slope extraction method [35], the average iterative filtering method [36], the Fourier transform method [37], the Savitzky-Golay filtering method [13,38,39,40], the Asymmetric Gaussian fitting method [39,41], the wavelet analysis method [42], and linear interpolation within the time window [43]. The accuracy of remotely-sensed data in a time-series requires a noise smoothing process to remove leakage points or vacancy points within the series. TIMESAT software [41,44] is among the most widely used programs [10,11,45,46,47,48]. To reduce drop-outs or gaps from long time-series data, TIMESAT uses Savitzky-Golay filtering, asymmetrical Gaussian or double logistic functions to fit NDVI data [10,11,45,46,47,48]. The Savitzky-Golay filter smooths out noise in NDVI time-series, specifically noise caused primarily by cloud contamination and atmospheric variability. It is more effective in obtaining high-quality NDVI time-series. Many studies that use the Savitzky-Golay smoothing model for data filtering obtain good results. The Savitzky-Golay (S-G) filtering method was applied in this study to fit the time-series data (Equation (1)).



The calculating formula for the S-G is as follows:


    Y j *  =   ∑  i = − m   i = m       C i   Y  j + 1     2 m + 1       



(1)




where Yj* is the reconstructed data, Ci is the least squares filter coefficient, j represents the original coordinates of the sliding window, Yj+1 represents the j-th original values of the sliding window, and 2m + 1 is the width of the sliding window.



We employed TIMESAT to generate smooth time-series NDVI data. We adopted the adaptation strength of 2.0, no spike filtering, seasonal parameter of 0.5, Savitzky-Golay window size of 2, and amplitude season start and end of 30% to calculate the phenology parameters. We calculated the SOS and EOS for each year and obtained LOS as the difference between SOS and EOS in each grid point [49].




2.5. Statistical Analysis


The variation of vegetation phenology were analyzed at pixel and regional scale, spatial and temporal scales in this paper.



The average values of SOS, EOS, and LOS were calculated over the past 32 years (1982–2013) to evaluate the spatial patterns phenology metrics. Spatial trends of phenology were examined by applying a simple linear regression model with time as the independent variable and phenology metrics as the dependent variable. The outputs of the trend analyses are maps of regression slope values at the 95% confidence level, indicating the magnitude of the calculated trend. The spatial distribution of long-time series phenological variation for each pixel can be obtained. It can provide finer-scale analysis of the variation of phenological characteristics for the different region or land cover types in pixel and spatial scale.



To research the trend of phenology at the hemispheric scale, we calculated the average of the phenological parameters for the entire study area above 40°N in the Northern Hemisphere using the ordinary least squares (OLS) approach. To evaluate the trend of phenology in different land cover types and different time periods, the regional average trends were calculated for the different land cover types using OLS. The r and p values of the linear trend were calculated using OLS for the average of the different vegetation types in 1982–2001, 2002–2013, and 1982–2013. The average phenology values for entire study area or different land cover types were calculated using the zonal statistic tool in ArcGIS. This method ignores individual or local differences, while it can reflect the whole variation of phenological characteristics in the entire study area or different vegetation types in regional and temporal scale.



To understand how changes in phenology are associated with climate change, a correlation analysis was applied to examine the relationship between phenology metrics and temperature anomalies (1982–2013) in the Northern Hemisphere. Pearson’s correlation coefficients (r) were calculated between phenology metrics (SOS, EOS, and LOS) and temperature anomalies from January to December for different land cover types.





3. Results and Discussion


3.1. Spatial Patterns of Vegetation Phenology


The mean phenological parameter data were calculated on a pixel scale at the middle and high latitudes of the Northern Hemisphere over nearly 32 years (1982–2013). Clearly, the spatial distribution of phenology shows obvious variability in the study area (Figure 2).
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Figure 2. Averages of start of season (SOS, a), end of season (EOS, b), and length of season (LOS, c) within the Northern Hemisphere between 1982 and 2013. 
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The SOS of vegetation was mainly distributed in the range of 80–160 days (Figure 2a). In addition, the SOS presented significant differences with latitude change and was gradually delayed with increasing latitude. A SOS earlier than 80 days mainly occurred at 40°N–60°N in North America and Southern Europe. The latest SOS (greater than 160 days) occurred above 70°N within the Arctic Circle. At the same latitudes, later SOS dates occurred in Asia than in Europe and North America.



Compared with the SOS, the EOS exhibited an opposite trend in spatial distribution (Figure 2b); thus, the EOS advanced with increasing latitude. The earliest EOS occurred within the Arctic Circle (earlier than 260 days), whereas the latest EOS occurred at low latitudes in North America and Europe (later than 330 days). The EOS was distributed in the range of 280–300 days over the vast majority of Asia.



The LOS mostly varied from 100 to 260 days and gradually extended from high to low latitudes over the entire study area (Figure 2c). The shortest LOS was found in the Arctic Circle, where it lasted less than 100 days in most areas. The study area was divided into three large zones by different colors according to the LOS (Figure 2a): A LOS of less than 150 days, which was mainly above 60°N in Asia and North America and above 70°N in Europe; a LOS of 150–200 days, which mainly occurred at 40°N–60°N in Asia and 50°N–60°N in North America; and a LOS of greater than 200 days, which mainly occurred below 50°N in Europe and North America.




3.2. Trends in Phenology


3.2.1. Spatial Patterns of Phenological Trends


The linear trends of the SOS, EOS, and LOS were calculated at the 95% confidence level (Figure 3). Over the past 32 years (1982–2013), the SOS trend was significant, accounting for 24.63% of the pixels and exhibiting either advanced or delayed trends (p < 0.05). Pixels with a negative (advanced) trend of the SOS accounted for 56.5% of the total pixels and exhibited a significant trend (p < 0.05), which was slightly greater than pixels with a delayed trend (p < 0.05). Negative SOS trends mainly occurred in the eastern United States, Europe, and Russia (Asia), whereas pixels with positive (delayed) trends mainly occurred above 50° N in North America.
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Figure 3. Trends of the start of season (SOS, a), end of season (EOS, b), and length of season (LOS, c) within the Northern Hemisphere between 1982 and 2013 (A positive trend indicates that the delayed trend for SOS, delayed trend for EOS and extended for LOS, while a negative trend indicates that the advanced trend for SOS, advanced trend for EOS and shortened trend for LOS). 
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For the EOS, 31.7% of pixels over the entire study area showed significant changes, and pixels with a delayed trend accounted for 58.7% of the total. Delayed EOS mainly occurred at 40°N–60°N, especially in the United States (North America), Europe, and Mongolia (China in Asia). In addition, the EOS exhibited an advanced trend above 60°N in Eurasia.



The spatial trends of the LOS were a combination of the trends for the SOS and EOS (Figure 3c). Over the entire study area, 34.9% of the pixels displayed significant changes. Shortening of the LOS (p < 0.05) mainly occurred in Canada (North America) and Russia (Asia), whereas extension occurred mainly at 50°N–60°N (p < 0.05).




3.2.2. Trends over the Entire Study Area


The average trends of the phenological parameters were calculated for the entire study area in the high latitudes of the Northern Hemisphere. The entire study area included all vegetation types.



The SOS, EOS, and LOS displayed two distinct change trends, with 2002 serving as the cut-off point (Figure 4). The SOS advanced, the EOS delayed, and the LOS extended significantly from 1982 to 2002, although the opposite trends occurred for 2003–2013. In the initial two decades, the SOS advanced by −2.2 ± 0.6 days·decade−1 (p < 0.05). When the time scale was extended to 2013, the trend of advanced SOS dropped to −0.29 ± 0.4 days·decade−1 (p = 0.47), which was primarily because of the trend of delayed SOS after 2003 (3.2 ± 1.7 days·decade−1, p = 0.09). The EOS was delayed over the past 32 years by 0.49 ± 0.3 days·decade−1 (p = 0.11), and the degree of the EOS changes was similar to that of the SOS changes, with a turning point at 2002. In the initial period (1982–2002), the EOS was moderately but not significantly delayed by 0.78 ± 0.6 days·decade−1 (p = 0.15); in the latter period (2003–2013), the EOS was delayed by 4.5 ± 0.9 days·decade−1 (p < 0.05). Compared with the SOS, the LOS was extended by 0.78 days·decade−1 (p = 0.18) over the past 32 years, and it was extended by 2.9 days·decade−1 (p < 0.05) from 1982 to 2002, with an opposite trend of 7.7 ± 2.2 days·decade−1 (p < 0.05) from 2003 to 2013. Clearly, the increasing trend of the LOS in the prior two decades was smaller than the decreasing trend of the LOS in the most recent decade. These results indicate that the trends of advanced SOS, delayed EOS, and increased LOS were slow over the past 32 years. Although significant changes occurred in vegetation phenology over the initial 21 years, the trends were obviously reduced over the latter 11 years and tended to recover to the level of phenological changes in the 1980s at the middle and high latitudes of the Northern Hemisphere.
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Figure 4. Trends of start of season (SOS), end of season (EOS), and length of season (LOS) over the Entire Study Area (Green square, red triangle and blue dot represent the average of SOS, EOS and LOS, respectively. Yearly mean phenology values were calculated used all pixels for entire study area). 






Figure 4. Trends of start of season (SOS), end of season (EOS), and length of season (LOS) over the Entire Study Area (Green square, red triangle and blue dot represent the average of SOS, EOS and LOS, respectively. Yearly mean phenology values were calculated used all pixels for entire study area).
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3.2.3. Phenological Trends for Different Land Cover Types


To analyze the phenological trends of different land cover types, this study selected six vegetation types in the study area as its major subjects: Broad-leaved forest (a), coniferous forest (b), mixed forest (c), shrub forest (d), grassland (e), and farmland (f) (Figure 5 and Table 2). The r and p values of the linear trend in Table 2 were calculated using OLS for 1982–2001, 2002–2013, and 1982–2013.



The linear trends of vegetation phenology for the period 1982–2013 were calculated with respect to the SOS, EOS, and LOS for the different vegetation types over the entire the study area (Figure 5). The trends of the SOS, EOS, and LOS showed substantially different characteristics according to vegetation type (Figure 5a–f). For broad-leaved forest and mixed forest, the SOS significantly advanced over the entire study area over the past 32 years at the 95% confidence level (Figure 5). Among the different vegetation types, the trend of advanced SOS was most significant for mixed forest (−2.6 ± 0.5 days·decade−1, p < 0.05), followed by broad-leaved forest (2 ± 0.5 days·decade−1, p < 0.05). No significant trend in the SOS was observed for the other vegetation types at the 95% confidence level. Among the six vegetation types from 1982 to 2013, the LOS trends were most significant for mixed forest (6.1 ± 0.8 days·decade−1, p < 0.01), followed by broad-leaved forest (4.7 ± 0.8 days·decade−1, p < 0.01), and the LOS of coniferous forest advanced by 2.3 ± 0.7 days·decade−1 (p < 0.01).
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Figure 5. Trends of start of season (SOS, a-f), end of season (EOS, a-f), and length of season (LOS, a-f) for different land cover types (Green square, red triangle and blue dot represent the average of SOS, EOS and LOS, respectively. Yearly mean phenology values were calculated used all pixels for different land cover types). 
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All vegetation types showed delayed EOS over the period from 1982 to 2013 (Figure 5). The greatest trend occurred in mixed forest (3.5 ± 0.6 days·decade−1, p < 0.05), followed by broad-leaved forest (2.7 ± 0.6 days·decade−1, p < 0.05), coniferous forest (1.9 ± 0.5 days·decade−1, p < 0.05), farmland (1.3 ± 0.6 days·decade−1, p < 0.05), and shrub forest (0.7 ± 0.2 days·decade−1, p < 0.05). The trend of delayed EOS was not significant for grassland.



The different vegetation types showed extended LOS to varying degrees over the past 32 years (Figure 5). The trend of extended LOS was significant for broad-leaved, coniferous, and mixed forests and for farmland but not for shrub forest or grassland. For broad-leaved forest, coniferous forest, mixed forest, and farmland, the LOS was extended by 4.7 ± 0.8 days·decade−1, 2.3 ± 0.7 days·decade−1, 6.1 ± 0.8 days·decade−1, and 2.7 ± 1 days·decade−1, respectively (all p < 0.05). Apparently, the trend of the LOS was jointly affected by those of the SOS and EOS, although delayed EOS had a greater effect. Thus, the trend of delayed EOS was greater than that of advanced SOS for vegetation in the Northern Hemisphere. The phenological trends were significant for woody plants, especially for broad-leaved deciduous trees, but not for herbaceous plants.
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Table 2. The trends of phenology for different vegetation types in three time periods (a-broad-leaved forest, b-coniferous forest, c-mixed forest, d-shrub forest, e-grassland, and f-farmland. A positive trend value indicates that the delayed trend for SOS, delayed trend for EOS and extended for LOS, while a negative trend value indicates that the advanced trend for SOS, advanced trend for EOS and shortened trend for LOS).
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1982–2002

	
2003–2013

	
1982–2013






	
SOS

	
a

	
−0.37 ‡

	
0.018

	
−0.20 ‡




	

	
b

	
−0.28 ‡

	
0.44 *

	
−0.04




	

	
c

	
−0.38 ‡

	
−0.06

	
−0.26 ‡




	

	
d

	
−0.06

	
0.54 †

	
0.08 *




	

	
e

	
−0.11

	
0.61 ‡

	
0.02




	

	
f

	
−0.42 †

	
0.52

	
−0.13




	
EOS

	
a

	
0.19

	
0.03

	
0.27 ‡




	

	
b

	
0.14

	
−0.08

	
0.19 ‡




	

	
c

	
0.27 *

	
0.18

	
0.35 ‡




	

	
d

	
0.06

	
−0.19 *

	
0.068 †




	

	
e

	
0.02

	
−0.32

	
0.040




	

	
f

	
0.07

	
−0.10

	
0.14 †




	
LOS

	
a

	
0.56 ‡

	
0.02

	
0.47 ‡




	

	
b

	
0.41 ‡

	
−0.53

	
0.23 ‡




	

	
c

	
0.65 ‡

	
0.24

	
0.61 ‡




	

	
d

	
0.12 *

	
−0.71 †

	
−0.01




	

	
e

	
0.13

	
−0.93 ‡

	
0.02




	

	
f

	
0.49 †

	
−0.63

	
0.26 †




	
* p < 0.1, † p < 0.05, ‡ p < 0.01









The entire study area (Figure 4), coniferous forest (Figure 5b), shrub forest (Figure 5d), and grassland (Figure 5e) have the same change trends for the two time periods (1982–2002 and 2003–2013). The proportion of these three vegetation types was 62.6%, and the change trend of phenology in the entire study area was close to that in the three vegetation types. The LOS of broad-leaved forest (Figure 5a) and mixed forest (Figure 5c) over the past 32 years showed a strong increased trend, and simultaneously, the SOS and EOS showed an advanced trend and a delayed trend, respectively. The increased rate of LOS for coniferous forest (Figure 5b), shrub forest (Figure 5d), and grassland had an obvious decelerating trend over the last decade.






4. Discussion


4.1. Trends in Phenology


In this study, the majority of advanced SOS trends occur in Europe and Asia, with a minority occurring in North America. These results are supported by the conclusions of Barichivich [4], Wang [27], and Cohen [50]. Regions with significantly delayed EOS are mainly distributed in North America, followed by Europe. This result is consistent with the conclusion of Zhu et al. [25], who showed that the LOS was extended mainly because of the delayed EOS in North America. Jonathan et al. [4] reported that the LOS was significantly extended in Eurasia, although significant changes were not observed in North America. From the spatial distribution of change trends on the pixel scale (Figure 3), the trend of the SOS is negative (advanced) for 56.5% of the pixels over the entire study area at the 95% confidence level. The trend of advanced SOS is most significant in Europe, followed by North America. In certain regions, the advanced SOS and delayed EOS trends occur simultaneously, thus enhancing the extended LOS trend. In addition, the SOS and EOS trends counteract each other in certain regions, thus diminishing the trend of extended LOS. Because the large-scale study area has different vegetation types, climatic zones, and water/heat conditions, the positive and negative change trends of pixels offset the average change trends. Over the long time-series, the phenological trends are not significant over the entire study area from 1982 to 2013. However, different trends are observed, and 2002 is the cut-off point. Significant changes occur in the initial 21 years (1982–2002), with the SOS advancing by 2.2 ± 0.6 days·decade−1 (p < 0.05). This result strongly supports previous findings on the advancing trend of the SOS in the middle and high latitudes of the Northern Hemisphere prior to 2000 [20,26,27]. In the latter 11 years (2003–2013), the phenological trends are the opposite, with the SOS delayed by 3.1 ± 1.7 days·decade−1 (p < 0.1), the EOS advanced by 4.5 ± 0.9 days·decade−1 (p < 0.05), and the LOS shortened by 7.7 ± 2.2 days·decade−1 (p < 0.05). As reported by Zeng and Jeong et al. [6,26], the phenological trends from 2000 to 2008 are obviously lower than the change rates from 1982 to 1999 and do not display strong significance. The SOS advances by −1.6 ± 0.8 days·decade−1 (p < 0.1) over the entire study area from 1982 to 1999, which is slightly slower than the value of 3.1 days·decade−1 over the entire Northern Hemisphere reported by Jeong et al. [26]. The advance of the SOS is reduced in the Northern Hemisphere over the past 31 years compared with that over the initial 21 years, and an opposite SOS trend occurs in the most recent 11 years. This observation is similar to the results of Wang et al. [27], who indicate that SOS trends are reduced at 30°N–72°N in the Northern Hemisphere over the past three decades compared with the initial two decades.




4.2. Climate Change and Phenology


This study shows that the delay trend of SOS and the advance trend of EOS decelerate and even reverse after 2002. Wang et al. [27] also showed that the advanced SOS in the Northern Hemisphere has decelerated or reversed over the last decade. The results of Jeong et al. [26] showed that the SOS advanced 5.2 days from 1982 to 1999 but only advanced 0.2 days from 2000 to 2008 and that the EOS had the same decelerating trend in the subsequent time period. These conclusions [26,27] also support our results that the advanced trend of SOS, the delayed trend of EOS, and the extended trend of LOS have decelerated over the last decade. Some authors show a shortened LOS for crops [51,52,53,54], whereas others authors’ results show an extended LOS [55,56]. Indeed, we have also observed a different SOS, EOS, and LOS across the different locations (Figure 3a–c). There have been large differences for the EOS and LOS in different continents and latitudes. Although we divide the study area into six vegetation types to analyze the phenology trends in different vegetation types, there has been a problem of mixed species in the large scale of the study area. Figure 3 shows that most pixels did not have significant trends for the entire study areas, with only 24.63% pixels of the SOS having a significant trend. These results offset some of the positive and negative trends when the large regional trends are calculated.



The large interannual variations in winter and spring climate significantly affect the interannual variations in the SOS [57]. Global warming deceleration over the past decade has been observed, and a variety of mechanisms have been suggested to explain it [58,59,60,61,62,63]. The Northern Hemisphere land temperature anomalies data from 1982 to 2013 were calculated (Figure 6), and the correlation between the temperature anomalies and phenology parameters was obtained (Table 3). The hottest 30 years recorded since 1880 have all occurred in the past three decades. However, the rate of increase since 2000 is higher than the rate of increase before 2000. The temperatures have slowed the trend after 2000, and temperature anomalies have decreased since 2003 in January and February. Since 2003, temperature anomalies show a downward trend from January to March and July to December, but the same trend from April to June does not appear. These temperature trends have a great influence on vegetation phenology changes. There were no significant correlation coefficients for shrub forest and grassland with temperature anomaly, but there were strong correlations for broad-leaved forest, coniferous forest, and mixed forest phenology parameters (Table 3). Although temperature is considered to be the main factor that affects grass phenology, water availability has also been identified as a key factor for grass phenology [64] Our results showed no significant correlation coefficient between grassland and temperature (Table 3). Previous studies suggest that climate change plays a dominant role in crop phenology [65,66,67]; in this paper, the results showed that there is a good correlation for the SOS from January to April, for the EOS from September to November, and for the LOS from January to November. Although the total length of the time periods is 32 years, it is short compared to the entire climate change time period. The phenology changes mainly caused by climate change also need to be examined. Although we strive to reduce the impact of noise, some interference remains, including fires, land use changes, etc.
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Figure 6. (a–l)The monthly temperature anomaly form 1982 to 2013 (Monthly temperature anomaly means a departure value from long-term average from 1880 to 2014 for every month). 






Figure 6. (a–l)The monthly temperature anomaly form 1982 to 2013 (Monthly temperature anomaly means a departure value from long-term average from 1880 to 2014 for every month).
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Table 3. The relationship between phenology of different vegetation types and monthly temperature anomaly (a-broad-leaved forest, b-coniferous forest, c-mixed forest, d-shrub forest, e-grassland and f-farmland. Monthly temperature anomaly means a departure value from long-term average from 1880 to 2014 for every month).
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Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec






	
a

	
SOS

	
−0.35

	
−0.45 ‡

	
−0.54 ‡

	
−0.70 ‡

	
−0.46 ‡

	
−0.62 ‡

	
−0.60 ‡

	
−0.65 ‡

	
−0.58 ‡

	
−0.51 ‡

	
−0.51 ‡

	
−0.14




	

	
EOS

	
0.2

	
0.03

	
0.49 ‡

	
0.55 ‡

	
0.61 ‡

	
0.62 ‡

	
0.54 ‡

	
0.58 ‡

	
0.64 ‡

	
0.67 ‡

	
0.77 ‡

	
0.2




	

	
LOS

	
0.32 *

	
0.27

	
0.61 ‡

	
0.73 ‡

	
0.64 ‡

	
0.73 ‡

	
0.67 ‡

	
0.73 ‡

	
0.73 ‡

	
0.70 ‡

	
0.77 ‡

	
0.21




	
b

	
SOS

	
−0.34 *

	
−0.28

	
−0.31 *

	
−0.43 †

	
−0.27

	
−0.30 *

	
−0.29

	
−0.28

	
−0.17

	
−0.23

	
−0.11

	
−0.21




	

	
EOS

	
0.19

	
0.095

	
0.41 †

	
0.49 ‡

	
0.47 ‡

	
0.49 ‡

	
0.50 ‡

	
0.57 ‡

	
0.62 ‡

	
0.68 ‡

	
0.70 ‡

	
0.31 *




	

	
LOS

	
0.35 *

	
0.24

	
0.48 ‡

	
0.62 ‡

	
0.51 ‡

	
0.53 ‡

	
0.54 ‡

	
0.58 ‡

	
0.55 ‡

	
0.63 ‡

	
0.57 ‡

	
0.36 †




	
c

	
SOS

	
−0.36 †

	
−0.37 †

	
−0.59 ‡

	
−0.84 ‡

	
−0.70 ‡

	
−0.79 ‡

	
−0.72 ‡

	
−0.72 ‡

	
−0.66 ‡

	
−0.66 ‡

	
−0.51 ‡

	
−0.19




	

	
EOS

	
0.22

	
0.06

	
0.48 ‡

	
0.59 ‡

	
0.62 ‡

	
0.65 ‡

	
0.57 ‡

	
0.64 ‡

	
0.69v

	
0.73 ‡

	
0.77 ‡

	
0.27




	

	
LOS

	
0.32 *

	
0.22

	
0.61 ‡

	
0.81 ‡

	
0.76 ‡

	
0.82 ‡

	
0.74 ‡

	
0.78 ‡

	
0.79 ‡

	
0.81 ‡

	
0.76 ‡

	
0.27




	
d

	
SOS

	
−0.15

	
−0.09

	
0

	
0.03

	
0.11

	
0.16

	
0.044

	
0.02

	
0.19

	
0.15

	
0.134

	
0




	

	
EOS

	
0.24

	
0.11

	
0.35 †

	
0.45 ‡

	
0.42 †

	
0.37 †

	
0.42 †

	
0.54 ‡

	
0.56 ‡

	
0.58 ‡

	
0.58 ‡

	
0.32 *




	

	
LOS

	
0.25

	
0.13

	
0.18

	
0.21

	
0.12

	
0.06

	
0.18

	
0.26

	
0.13

	
0.18

	
0.19

	
0.15




	
e

	
SOS

	
−0.38 †

	
−0.19

	
−0.35 †

	
−0.25

	
0.1

	
0.05

	
0.04

	
−0.07

	
−0.04

	
0

	
−0.05

	
0




	

	
EOS

	
0.27

	
0.19

	
0.19

	
−0.12

	
0.03

	
0.1

	
0.12

	
0.16

	
0.2

	
0.25

	
0.49 ‡

	
0.35 ‡




	

	
LOS

	
0.47 ‡

	
0.27

	
0.40 †

	
0.11

	
−0.06

	
0.03

	
0.045

	
0.16

	
0.15

	
0.17

	
0.36 †

	
0.23




	
f

	
SOS

	
−0.33 ‡

	
−0.43 ‡

	
−0.60 ‡

	
−0.49 ‡

	
−0.17

	
−0.36 †

	
−0.36 †

	
−0.38 †

	
−0.32 *

	
−0.27

	
−0.39 †

	
−0.06




	

	
EOS

	
0.23

	
0.05

	
0.23

	
0.2

	
0.32 †

	
0.36 †

	
0.36 †

	
0.37 †

	
0.46 ‡

	
0.50 ‡

	
0.63 ‡

	
0.2




	

	
LOS

	
0.37 †

	
0.36 †

	
0.59 ‡

	
0.49 ‡

	
0.30 ‡

	
0.47 ‡

	
0.48 ‡

	
0.50 ‡

	
0.49 ‡

	
0.47 ‡

	
0.64 ‡

	
0.15




	
* p < 0.1, † p < 0.05, ‡ p < 0.01










4.3. The Influence of Other Factors on Vegetation Phenology


The time period (1982–2013) investigated in the present study is relatively long and exhibits changes in the vegetation types of the Northern Hemisphere. In this study, only temporal-spatial variation in phenology is analyzed to understand the characteristics of vegetative growing seasons. However, many factors (such as temperature, precipitation, soil moisture, land cover changes, and disturbances) may contribute to changes in vegetation phenology. For example, cultivated land is most significantly affected by human factors, resulting in uncertain long-term variation trends in the vegetation phenology. The variation in phenology may be the result of changes in soil moisture due to an increase in precipitation rather than an increase in temperature. However, relatively good natural conditions have been maintained in certain areas over the past 32 years, reflecting the growth processes of natural vegetation. When studying long-term vegetation phenological and climatic changes, areas where good natural conditions have been maintained may better reflect the impact of climate change.



In this study, the phenology parameters are determined only by remote sensing data. The effects of the Bidirectional Reflectance Distribution Function (BRDF) on the NDVI remain as noise. Given that the BRDF is wavelength-specific, different reflectances are affected differently throughout the year, not only because of the change in the biophysical properties of the target but also because of the variable viewing and illumination geometry. Although the MVC method and time-series analysis can be considered to reduce the remaining noise, some BRDF bias may continue to remain in the GIMMS 3g NDVI data. Bhandari et al. [68]  reported that BRDF correction can have a significant impact on the phenological parameters. The BRDF effects are different from one environment to another, and more studies in different environments may be useful to obtain better insight [68]. The NDVI derived from the BRDF/albedo parameters product has clear benefits for monitoring vegetation phenology.



The phenologies for different types of crops are different; however, due to the low resolution of the data source, 8-km spatial resolution data have mixed pixels for crops. The land cover product is used in this study only to obtain the primary classification of farmland. There are no more finely grained categories for the types of crops planted. The phenology parameters are calculated based on the average value for all crops. The time period for the different types of crops planted cannot be distinguished. In future works, we can use higher resolution remote sensing data to analyze some vegetation or crop types



Despite the advantages of remote sensing over field observations, remote sensing data include a number of uncertainties. For example, remote sensing data are affected by the sensor and atmosphere, which can result in substantial noise. In addition, vegetation is often affected by external factors, such as winds, pests, fires, and human activities, which all have strong impacts on vegetation. Although this study performed noise reduction by filtering, the impact of external factors cannot be completely removed, and the presence of certain types of interference results in uncertainties in the extracted results for the phenological parameters.





5. Conclusions


This study uses vegetation phenology at the middle and high latitudes of the Northern Hemisphere as the study subject. An inversion of phenological parameters is performed using the GIMMS NDVI3g datasets for the period 1982–2013 to analyze the spatial patterns of means, spatial patterns of trends, spatial trends over the entire region, and different vegetation types. The main findings can be summarized as follows:



With respect to the spatial distribution of multi-year mean data, the SOS was generally delayed from low to high latitudes, and the EOS was progressively advanced in the Northern Hemisphere. Regarding the spatial distribution of phenological trends, the SOS showed a trend of significant advancement in Europe over the past 32 years, followed by North America, and the trend of advanced SOS was significant at high latitudes in Asia.



The phenology change trends did not increase with increasing latitude, and obvious changes primarily occurred at 50°N–70°N. These trends consist of advanced SOS, delayed EOS, and increased LOS. These areas consist mainly of forest. The trend of phenology is not obvious in grassland areas. This phenomenon may be largely related to the vegetation types.



On the study-area scale, SOS trends were significant at the middle and high latitudes (≥40°N) of the Northern Hemisphere over the past 32 years. Collectively, our results indicate that the trends of advanced SOS at the middle and high latitudes of the Northern Hemisphere from 1982 to 2013 were reduced or even reversed in the most recent decade.



The phenological trends are different with different vegetation types. The SOS trends of woody vegetation were significant and obviously higher than those of herbaceous vegetation at the middle and high latitudes of the Northern Hemisphere. Significant changes in the SOS were not observed for herbaceous vegetation. The trend of delayed EOS was greater than the trend of advanced SOS at different scales. Clearly, the EOS of vegetation has a strong response to climate change. Coniferous forest, shrub forest, grassland, and the entire study area have the same change trends for the two time periods (1982–2002 and 2003–2013), and the increased rate of the phenology parameters has decelerated over the last decade. The LOS of broad-leaved forest and mixed forest in the past 32 years shown a strong increased trend, and simultaneously, the SOS and the EOS shown an advanced trend and a delayed trend, respectively.



The results of this study strongly support the research on advanced SOS, delayed EOS, and increased LOS at the middle and high latitudes of the Northern Hemisphere over the initial two decades. Simultaneously, the change rate has decelerated over the most recent decades.
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