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Abstract

:

A general greening trend in the Arctic tundra biome has been indicated by satellite remote sensing data over recent decades. However, since 2011, there have been signs of browning trends in many parts of the region. Previous research on tundra greenness across the Arctic region has relied on the satellite-derived normalized difference vegetation index (NDVI). In this research, we initially used spatially downscaled solar-induced fluorescence (SIF) data to analyze the spatiotemporal variation of Arctic tundra greenness (2007–2013). The results derived from the SIF data were also compared with those from two NDVIs (the Global Inventory Modeling and Mapping Studies NDVI3g and MOD13Q1 NDVI), and the eddy-covariance (EC) observed gross primary production (GPP). It was found that most parts of the Arctic tundra below 75° N were browning (–0.0098 mW/m2/sr/nm/year, where sr is steradian and nm is nanometer) using SIF, whereas spatially and temporally heterogeneous trends (greening or browning) were obtained based on the two NDVI products. This research has further demonstrated that SIF data can provide an alternative direct proxy for Arctic tundra greenness.
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1. Introduction


Since the early 1980s, increased vegetation productivity or greening of Arctic tundra has been deduced from the trend of using the satellite-derived normalized difference vegetation index (NDVI) [1,2,3,4]. For example, Myneni, et al. [3] found the seasonal amplitude of the NDVI increased by 8% from 1982–1990 at 65° N and higher latitudes. Arctic tundra greening was also observed or simulated at the circumpolar Arctic region [5,6,7,8], Eurasian Arctic [9,10,11], Alaska [2,12,13], and Canada [14]. It is speculated that a positive NDVI trend may be in response to climate warming or reduced snow cover, which would lead to the expansion of vegetation in the tundra [15,16,17,18,19], changing phenological periods [20,21], increased biomass [22,23], and surface water variation associated with thermokarst [24]. Since 2011, regional surface browning trends have been observed that have reversed the direction of the Arctic greening trend after nearly 33 years [4,5,25,26]. If such a change in the greenness trend corresponds to the decline in carbon uptake capacity or vegetation productivity via photosynthesis, then most ecosystem models have not considered this shift [26]. Therefore, it is important to understand which parts of the Arctic region are most sensitive and show the greatest browning [4].



Until now, the circumpolar pattern of greening is derived from satellite-based NDVIs, such as the Advanced Very High Resolution Radiometer (AVHRR), Moderate Resolution Imaging Spectroradiometer (MODIS), Satellite Pour l’Observation de la Terre VEGETATION (SPOT-VGT), Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and Landsat [2,3,5,26,27]. However, the data products generated by these platforms are limited to a coarser spectral resolution that may affect a better understanding of greening and browning trends. To date, no published studies have examined the spatiotemporal pattern of the circumpolar Arctic tundra greenness trend using satellite data with a finer spectral resolution (such as passive solar-induced chlorophyll fluorescence (SIF)).



Compared to the NDVI, which is related to the fraction of photosynthetically active radiation (fAPAR), SIF is a more direct proxy for photosynthesis and can be obtained from satellite-based observations [28,29]. Although the NDVI has been shown to be related to photosynthesis [30], there are intrinsic limitations in the effectiveness of the NDVI due to the difference between potential and actual photosynthesis [31]. SIF is emitted with light absorption from the chlorophyll complex during photosynthesis under natural sunlight [32,33], shares the same origin with non-photochemical quenching (NPQ) and photochemical quenching (PQ) [34], is intimately related to carbon assimilation, and has been considered as a direct indicator of photosynthesis [35,36]. The NDVI is related to potential photosynthesis and SIF is related to actual photosynthesis [31]. To improve the spatial resolution of SIF data, Duveiller and Cescatti [37] developed a method to spatially disaggregate the information of each coarse SIF pixel, and spatially downscaled SIF data were obtained with a higher spatial resolution (0.05 degree, approximately 5 km). Spatially downscaled SIF data can be considered as a proxy for gross primary production (GPP) [37]. The NDVI has a robust relationship with the vegetation productivity of the circumpolar Arctic tundra [26,38]. Here, we suppose that greenness can be indicated by the NDVI and SIF data, respectively.



This research aims to investigate and analyze the spatiotemporal patterns of Arctic tundra greenness (2007–2013) using spatially downscaled SIF data in conjunction with two NDVI products. The eddy-covariance (EC) flux measurements (GPP) were used for the greenness trend comparison.




2. Data and Methods


2.1. Study Area


The study area (Figure 1) covers the tundra region as defined by the Circumpolar Arctic Vegetation Map (CAVM) [39]. Within the spatial extent of the CAVM, the vegetated area (86%) contains erect shrublands (26%), graminoid tundras (18%), mineral graminoid tundras (11%), prostrate-shrub tundras (11%), mountain complexes (13%), and wetlands (7%). The Low Arctic, predominantly low-shrub tundra, is mainly located in Russia, whereas abundant barren types and prostrate dwarf-shrub tundra are located in the High Arctic, Canada [39].




2.2. Data


Three satellite-based datasets (2007–2013) were used in this research, including satellite-derived NDVIs (Global Inventory Modeling and Mapping Studies (GIMMS) NDVI3g and MODIS NDVI) and SIF data (Table 1). In addition, the eddy-covariance (EC) flux measurements (GPP) during 2007–2013 were used for the greenness trend comparison. The NDVI was calculated as (NIR − R)/(NIR + R), where NIR is the surface reflectance in the near-infrared band (GIMMS NDVI3g: 730–1000 nm, MODIS NDVI: 841–876 nm) and R is the surface reflectance in the red band (GIMMS NDVI3g: 550–700 nm, MODIS NDVI: 620–670 nm) [40].



2.2.1. NDVI Data


As for the NDVI data, the GIMMS NDVI3g (8 km, bi-weekly, 3rd Generation) was used with preprocessing for the specific requirements of the Arctic region affected by snow and cloud cover. Pixels flagged as snow or cloud cover were excluded from the analysis. The annual maximum NDVI values were obtained from the bi-weekly data [41]. The MODIS NDVI values for the study area were obtained from the MOD13Q1 (250 m, 16-day, Collection 6) NDVI layer. Only the pixels flagged as “good data” in the Summary Quality Assurance (QA) layer were used for the study. The annual maximum NDVI values of MOD13Q1 were derived from the 16-day NDVI layer.




2.2.2. SIF Data


As for the SIF data, the spatially downscaled GOME-2 SIF (denoted as SIF for the study) at 740 nm (spatial resolution: 0.05 degree, approximately 5 km; temporal resolution: monthly; unit: mW/m2/sr/nm, where sr is steradian, and nm is nanometer) [37], was derived from an original SIF product (version 25), as provided by Joiner et al. [42]. The original SIF product can be obtained from the Aura Validation Data Center (AVDC), Goddard Space Flight Center (GSFC), and can be downloaded at http://avdc.gsfc.nasa.gov/pub/data/satellite/MetOp/GOME_F/. The spatially downscaled SIF can be obtained from Duveiller and Cescatti [37]. The highest latitude of the spatially downscaled SIF just reaches to 75° N, so no vegetation information higher than 75° N is included in the study. The spatially downscaled SIF was calculated via a non-linear model based on the concept of light-use efficiency (LUE). The information contained in the original coarse GOME-2 SIF pixels (spatial resolution: 0.5 degree) is spatially disaggregated. At each time step, the remote sensing biophysical variables (MODIS NDVI, land surface temperature, and evapotranspiration) were aggregated to calibrate the downscaling model both independently and locally. Then, the downscaling model was applied to create a new layer with non-aggregated data (spatial resolution: 0.05 degree, approximately 5 km). More details related to spatially downscaled SIF can be found in Duveiller and Cescatti [37].



We used the annual maximum values of the NDVIs and SIF as the proxies of tundra greenness for the study. In this research, the annual maximum values of the GIMMS NDVI3g, MOD13Q1, and SIF were denoted as NDVImax_g, NDVImax_m, and SIFmax, respectively.




2.2.3. Flux Data


The EC flux measurements within the study area were obtained from the FLUXNET2015 Dataset (http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/) (Table 2). There are 11 flux sites within the study area, and the available flux data (duration > 3 years) were very limited during 2007–2013, only three sites (RU-Sam, RU-Tks, RU-Cok) covering this period had intersected with the SIF data. The monthly flux parameter GPP_NT_VUT_MEAN was chosen for the study, where NT means nighttime, VUT means variable ustar (friction velocity) threshold, and MEAN means the average GPP value. The maximum value of monthly EC-observed GPP was used for the comparison.



All data were gathered for the same period of 2007–2013 with an annual temporal resolution. Any missing data were not taken into account.





2.3. Trend Analysis


For the spatial pattern of Arctic tundra greenness, the annual trends (2007–2013) of the NDVIs and SIF were calculated by least square regression using the Google Earth Engine platform [46]. The trends were checked using the annual maximum values of the NDVIs and SIF, not just within the growing season. This not only avoided a lack of temporal information, but also made more biological sense for the relationship between greenness and vegetation growth [47]. The slope coefficient obtained from the regression line was used to describe the greenness trend.



For the temporal pattern of Arctic tundra greenness, the study area (CAVM) was divided into two sub-regions including North America and Eurasia. The annual greenness of each region (Arctic, North America, and Eurasia) was calculated as the averaged values of the NDVIs and SIF using whole year data.



We supposed that the tundra was greening if the trend of the annual maximum values of the NDVIs or SIF was positive, and tundra was browning with a negative trend from 2007 to 2013. The trend was validated using EC flux measurements (maximum monthly GPP for each year) within the study area. A two-sided t-test was used to determine the statistical significance of the GPP, NDVIs, and SIF. A p-value < 0.05 was assumed to be significant. Compared to NDVI data, no data existed higher than 75° N for SIF.





3. Results


For the overall trend in Arctic tundra greenness from 2007 to 2013, the spatial patterns of the annual maximum NDVI trend for the GIMMS NDVI3g and MOD13Q1 were similar for almost all parts of the study area (Figure 2a,b). The tundra was greening in the North Slope of Alaska and most parts of central Siberia, and browning in the High-Arctic Canadian Archipelago, western Alaska (Yukon-Kuskokwim Delta), and eastern Siberia (high latitude area of Kolyma Lowland and Yana-Indigirka Lowland) according to the trends of NDVImax_g and NDVImax_m (Figure 2a,b). The spatial pattern of the SIFmax trend was very different from NDVImax_g and NDVImax_m. Most parts of the Arctic tundra region below 75° N showed browning trends (Figure 2c) according to the trend of SIFmax from 2007 to 2013. The magnitude of browning was higher in northwest Alaska, western Russia, and eastern and central Siberia than in other study regions. However, the vegetation showed greening for some regions, such as western Alaska, south of the High-Arctic Canadian Archipelago, and the Yamal peninsula of Russia.



Additionally, the NDVImax_g of the Arctic tundra showed successive declines from 2010 for the North American Arctic tundra and the entire Arctic tundra region (Figure 3a). While the trend for NDVImax_m of Arctic tundra showed the opposite direction with increases (slope: 0.0085) from 2010 (Figure 3a). For the third greenness index, the negative SIF trend of Arctic tundra was obvious (–0.0098 mW/m2/sr/nm/year) from 2007 (Figure 3b). The average of the SIFmax for the entire Arctic tundra area changed from 0.3696 mW/m2/sr/nm (2007) to 0.2899 mW/m2/sr/nm (2013). The SIF of two separate continents (North America and Eurasia Arctic) had a similar time-series pattern to the Arctic tundra area. The annual GPP of three flux sites showed overall declines (Figure 3c), and the temporal pattern (2007–2009) between the SIF and the annual GPP was similar. The maximum value of the monthly GPP showed a decline for the RU-Sam site (Figure 3d).



In terms of Arctic tundra greenness in the area of the EC tower flux measurements, the two NDVI remote sensing indices showed similar trends. The SIFmax data only included three of the EC flux sites, and showed overall negative trends. Two sites, Samoylov and Tiksi of Russia, had a similar temporal pattern with the ground data. When comparing the EC-observed GPP with the NDVI and SIF, the p-value was lower than 0.05 for three flux sites (Figure 4). The coefficient of determination (R2) between SIF/NDVI and GPP was calculated for each flux site. Only the coefficient of determination (R2) between EC observed GPP and SIF for RU-Tks was 0.5525 (p-value < 0.0001), and the R2 for the other flux sites was lower than 0.2 between EC-observed GPP, and NDVI, SIF (Table 3).




4. Discussion


Unlike previous studies that have shown Arctic tundra greening as the overall trend with browning at some small regions [4,13,25,26], our study found that most parts of the Arctic tundra below 75° N were browning based on SIF data. The browning trend of Arctic tundra at the Arctic Coastal Plain of northern Alaska were similar to the pattern found by Lara et al. [27]. Meanwhile, Box et al. [48] also indicated the negative trend of tundra greenness from 2008. The Arctic tundra browning may be event-driven, as postulated by Phoenix and Bjerke [4], such as the shrub expansion in the Arctic tundra ecosystem [18,49], extreme winter warming [20], fire [50,51], outbreaks of defoliating insects and rust fungi, and frost drought [52]. The increase of herbivore populations is another potential cause of tundra browning [25,53,54]. Additionally, landforms may be the most important predictor of browning followed by recent climate change [26].



For the greenness indicator, the NDVI is used to indicate radiation absorption rather than carbon assimilation. SIF is used to indicate actual photosynthesis rather than potential photosynthesis [31,55]. In addition, the downscaled SIF data used for the study can be considered as a proxy for GPP [37]. Taking flux site “RU-Tks” as an example, the R2 between the SIF and GPP was higher than for the two NDVI data, and the trends of the SIF and GPP both indicated that the tundra nearby was “browning” from 2007 to 2013 (Figure 2 and Figure 4, Table 3). The low R2 values may be due to these reasons: (i) Only three flux sites were available for the comparison, and the only seven years were used for the analysis. Limited ground observed data can be used for comparison and validation. (ii) The footprint of the EC-observed GPP was typically less than 1–3 km2 [56], while the spatial resolution of the SIF was much coarser.



The different greenness trends may have been caused by the different sensors (spatial resolution- GIMMS NDVI3g: 8 km; MOD13Q1: 250 m; SIF: 0.05 degree, approximately 5 km), spatial coverage and the sun-target-sensor geometry. Compared to the GIMMS NDVI3g, the MOD13Q1 and SIF have a finer spatial resolution with more detailed information, which may also bring more information for calculation, especially for the Arctic region. Meanwhile, the NDVIs were derived from different sensors, and not cross validated [27,57,58]. The spatial coverage of the NDVI was larger than SIF. No data existed higher than 75° N for SIF; however, the statistics region of the NDVI is whole study area. When the spatial region of the NDVI was the same as the SIF, (i) the temporal patterns (2007–2013) of GIMMS NDVI3g and MOD13Q1 were similar with the NDVI result covering the whole Arctic region, and (ii) the NDVI values of GIMMS NDVI3g and MOD13Q1 were a little larger. Sun-target-sensor geometry that includes the overpass time of the sensor, the view zenith angle, is probably another reason for different Arctic tundra greenness trends in high latitude areas with a high solar zenith angle [59,60]. For example, the MODIS Terra sensor is about 10:30 h (https://nsidc.org/data/modis/terra_aqua_differences), and the AVHRR sensor has drifted from the nominal 13:30 h overpass time by as much as 4.5 h toward evening [41]. The overpass time of the original coarse SIF is 9:30 h (local time).



There were three limitations in this study. First, the Arctic tundra greenness trend was examined only with a short span of recorded data between 2007 and 2013. Long time-series remote sensing and field observation data need to be applied to check the Arctic tundra greenness trend. Second, the NDVI derived from two sensors were not cross calibrated. Lastly, the spatial resolution was different for the three indices used for the study, which may have contributed to the differences in the results. Further research may need to focus on the following issues: (i) the observation of Orbiting Carbon Observatory 2 (OCO-2) can be taken into account, which uses measurements in three different spectral bands over four to eight different footprints of approximately 1.29 × 2.25 km, and launched on 2 July 2014; (ii) more shared ground reference data can be used for comparison and validation.




5. Conclusions


In this research, the spatiotemporal patterns of Arctic tundra greenness (2007–2013) were assessed based on SIF data along with two types of NDVI data. In contrast to previously published literature, spatially downscaled SIF was employed first as an indicator of Arctic tundra greenness. It was found that SIF had the potential to exhibit more effectiveness as an indicator of Arctic tundra greenness.



Specifically, the spatial distribution pattern of Arctic tundra greening and browning was mapped and analyzed. Using the GIMMS NDVI3g and MOD13Q1 indices, the tundra was found to be greening on the North Slope of Alaska and in most parts of western Siberia, and browning in the higher-Arctic Canadian Archipelago, western Alaska (Yukon-Kuskokwim Delta), and eastern Siberia (high latitude area of the Kolyma Lowland and Yana-Indigirka Lowland). However, the Arctic tundra was browning for most parts of the study area below 75° N based on the SIF data, except for the small regions at the northern edge of the SIF data. Meanwhile, the temporal pattern of tundra in Northern America, Eurasia, and the whole of the Arctic was also interpreted from 2007 to 2013. The greenness value of the Eurasian Arctic tundra was higher than that of Northern America and the entire Arctic tundra for the three greenness indices. From 2010, the Arctic tundra was greening based on MOD13Q1, whereas was browning using the GIMMS NDVI3g. Based on the SIF data, there was a general decreasing trend of Arctic tundra greenness between 2007 and 2013.
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Figure 1. Spatial extent of the tundra region of the study. The green pentagrams denote the eddy-covariance (EC) flux sites within the study area. 






Figure 1. Spatial extent of the tundra region of the study. The green pentagrams denote the eddy-covariance (EC) flux sites within the study area.



[image: Remotesensing 11 01460 g001]







[image: Remotesensing 11 01460 g002 550]





Figure 2. Spatial patterns of the Arctic tundra greenness (annual maximum value) trend from 2007 to 2013. (a) GIMMS NDVI3g, (b) MOD13Q1, and (c) SIF (unit: mW/m2/sr/nm/year). The green colors represent the tundra greening, while the yellow, brown, and red colors represent the tundra browning. 
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Figure 3. Arctic tundra greenness (average of the annual maximum value) and EC-observed gross primary production (GPP) from 2007 to 2013. (a) GIMMS NDVI3g, MOD13Q1, (b) SIF, (c) annual GPP, and (d) maximum value of monthly GPP. 
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Figure 4. Comparison between the tundra greenness (GIMMS NDVI3g, MOD13Q1 and SIF) and the maximum value of monthly GPP derived from (a) RU-Sam, (b) RU-Tks, and (c) RU-Cok. The greenness was calculated as the 3 pixel × 3 pixel average value around the EC flux tower for each year. For more details about EC flux sites, see Table 2. 
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Table 1. Three satellite-based greenness datasets (2007–2013) for the study.
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	Product Name *
	Greenness Indicator **
	Spatial Resolution
	Temporal Resolution
	Bandwith (nm)





	GIMMS NDVI3g
	NDVI
	8 km
	bi-weekly
	NIR: 730–1000

R: 550–700



	MOD13Q1
	NDVI
	250 m
	16-day
	NIR: 841–876

R: 620–670



	Spatially downscaled GOME-2 SIF
	SIF
	0.05 degree, approximately 5 km
	monthly
	720–758 (spectral resolution: 0.5 nm)







* Product name: GIMMS (Global Inventory Modeling and Mapping Studies), GOME (Global Ozone Monitoring Experiment), ** Greenness indicator: NDVI (Normalized Difference Vegetation Index), SIF (Solar-Induced Fluorescence).
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