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Abstract

:

Remote sensing of phenology usually works at the regional and global scales, which imposes considerable variations in the solar zenith angle (SZA) across space and time. Variations in SZA alters the shape and profile of the surface reflectance and vegetation index (VI) time series, but this effect on remote-sensing-derived vegetation phenology has not been adequately evaluated. The objective of this study is to understand the behaviour of VIs response to SZA, and to further improve the interpretation of satellite observed vegetation dynamics, across space and time. In this study, the sensitivity of two widely used VIs—the normalised difference vegetation index (NDVI) and the enhanced vegetation index (EVI)—to SZA was investigated at four northern Australian savanna sites, over a latitudinal distance of 9.8° (~1100 km). Complete time series of surface reflectances, as acquired with different SZA configurations, were simulated using Bidirectional Reflectance Distribution Function (BRDF) parameters provided by MODerate Resolution Imaging Spectroradiometer (MODIS). The sun-angle dependency of the four phenological transition dates were assessed. Results showed that while NDVI was very sensitive to SZA, such sensitivity was nearly absent for EVI. A negative correlation was also observed between NDVI sensitivity to SZA and vegetation cover, with sensitivity declining to the same level as EVI when vegetation cover was high. Different sun-angle configurations resulted in considerable variations in the shape and magnitude of the phenological profiles. The sensitivity of VIs to SZA was generally greater during the dry season (with only active trees present) than in the wet season (with both active trees and grasses), thus, the sun-angle effect on VIs was phenophase-dependent. The sun-angle effect on NDVI time series resulted in considerable differences in the phenological metrics across different sun-angle configurations. Across four sites, the sun-angle effect caused 15.5 days, 21.6 days, and 20.5 days differences in the start, peak, and the end of the growing season derived from NDVI time series, with seasonally varying SZA at local solar noon, as compared to those metrics derived from NDVI time series with fixed SZA. In comparison, those differences in the start, peak, and end of the growing season for EVI were significantly smaller, with only 4.8 days, 4.9 days, and 3 days, respectively. Our results suggest the potential importance of considering the seasonal SZA effect on VI time series prior to the retrieval of phenological metrics.
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1. Introduction


Phenology is the study and analysis of the life cycles of flora and fauna and their interactions with climate and other seasonal environmental drivers [1]. Vegetation dynamics and the phenological metrics derived from ground or remote sensing observations for describing these dynamics, e.g., leaf flush or onset of growing season, are key indicators of ecosystem responses to climate variability and change [2]. Vegetation phenology represents a key attribute of an ecosystem and plays an important role in regulating terrestrial carbon and water cycles [3,4]. Remote sensing, with its synoptic characteristics across large temporal and spatial scales, provide an unparalleled way for the detection and mapping of vegetation phenology across space, thereby complementing the restricted coverage afforded by ground-based plots. Remote sensing examines broader scale phenomena that allow retrievals of whole-system phenological metrics, such as the timing and magnitudes of greening, peak activity, and the drying phases of the growing season [5]. Nevertheless, although satellite remote sensing can cover the entire Earth, continuously across space, observations from current polar-orbiting satellites still have the challenge of sampling continuously across time. Hence calibrating time-limited satellite observations with space-limited ground observations is an important issue in remote sensing of phenology studies.



Spaceborne optical sensors such as NOAA-AVHRR and NASA-MODIS offer a global perspective on the seasonal and inter-annual changes in vegetation cover and photosynthetic activity [6], yet uncertainties remain when using satellite-derived surface reflectance, for monitoring vegetation phenology. As suggested by Pinter et al. [7], an ideal time series of vegetation index should simultaneously retain maximum sensitivity to the real dynamics in vegetation’s biophysical and functional properties, and should be relatively unaffected by solar angle, atmospheric turbidity, topography, and viewing direction. Remote sensing observations, however, are often acquired at variable view and solar geometric configurations. The sun-view geometry, including view zenith angle, view direction, and solar zenith angle (SZA) can introduce significant intra- and inter-annual variations in surface reflectances and spectral vegetation indices that are not associated with canopy photosynthetic activity [8,9,10]. Consequently, correcting optical remote sensing data for the artefacts of sun-view geometry is essential to isolate the true response of global vegetation to climate, and to improve the monitoring of vegetation dynamics and productivity, from space [11].



Previous studies using remote sensing for deriving vegetation phenology have primarily used observations taken at the satellite overpass time (e.g., AVHRR, MOD/MYD13 or MOD/MYD09) without correction of both solar- and view-angle effects [12,13,14], or have been only partially corrected for the view-angle effect (e.g., MCD43 Nadir Bidirectional Reflectance Distribution Function (BRDF), Adjusted Reflectances (NBAR)) [5]. MODIS NBAR normalises surface reflectances to the nadir view, but sun-angle still varies seasonally at the local solar noon, at any given site [15,16]. Both field measurements and remote sensing data have shown that surface reflectances and vegetation indices are solar-angle-dependent [17,18,19], and using observations without proper correction of the sun-angle effect for deriving phenological metrics can introduce artefacts that do not reflect real, ground-level vegetation dynamics.



The spectral behaviour of vegetation canopies with the solar zenith angle is complex and dependent on numerous internal and external factors. These include the effects of absorption and scattering in the atmosphere and surface anisotropy [20], canopy architecture [21], and reflectance properties of the underlying soil background [17]. For example, measurements of tall-grass prairie [18] and alfalfa [21], show a dependency of NDVI (Normalised Difference Vegetation Index) on the solar zenith angle, but contrasted responses were found between intermediate biomass and high biomass sites [19]. It has also been found that NDVI of the canopy vegetation component (zero reflecting soil) was nearly invariant to solar zenith angle, as the soil component contribution drove the overall canopy anisotropic behaviour [17]. Several studies have also noticed that seasonal variations in illumination geometry, introduced spurious seasonality of vegetation indices, and the length of the growing season can be severely biased, simply due to the BRDF effects [22,23]. Bhandari et al. found that NDVI normalised to a standard view-illumination geometry was more effective in capturing phenology and disturbances in forest communities, than NDVI with varied sun/view angles [9].



In this study, MODIS observations were utilised to investigate the interactions of seasonal sun-angle and tropical savanna phenology across the North Australian Tropical Transect (NATT). This 1100 km length (9.8°) transect encompasses a transition from coastal mesic Eucalyptus dominated forests and woodlands to inland xeric Acacia dominated woodlands, shrublands, and grasslands, which provide large-scale variations in climate conditions, canopy structure, and solar zenith angle.



The overall goal of this study was to gain a better understanding of sun-angle influences on vegetation indices and phenological metrics for an improved monitoring of vegetation dynamics, using remote sensing observations. Specifically, the objectives of this study were: (1) simulate complete time series of surface reflectances with varying solar zenith angle using a semi-empirical BRDF model; (2) understand the sun-angle effect on the Normalised Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI) as a function of the vegetation structural classes and phenological phases; and (3) investigate the uncertainties resulting from sun-angle variations on the derived key land surface phenological metrics.




2. Materials and Methods


2.1. Study Area and Local Sites


The NATT is a sub-continental scale ecological rainfall gradient conceptualised in the mid-1990s, as part of the International Geosphere Biosphere Programme (IGBP) [24], to study global savannas (Figure 1). The vegetation of the entire transect follows a wet–dry savanna gradient that transitions from Eucalyptus-dominated forests and woodlands in the northern areas to Acacia-dominated woodlands and shrublands in the south. Mean annual precipitation decreases from over 1,700 mm in the northern mesic tropics to about 300 mm in the xeric southern region. Soils range from Kandosols (Palexeralfs in U.S. Taxonomy) and affiliated types at the northern humid end [25] to black cracking clay soils or sandy soils at the southern arid end [26]. Over the past few years, several satellite-/tower-based phenology studies have been performed at site- and regional-scales, over NATT [14,27,28].



Within this extensive transect study area, four well-characterised local sites were selected, representing different savanna vegetation structures/functional classes and rainfall regimes (Figure 1 and Table 1), to investigate the sun-angle effect on remote-sensing-derived phenology. These sites include three Eucalyptus woodland sites—Howard Springs, Daly River and Dry River [25], and an Acacia woodland site—Ti Tree [29,30].




2.2. BRDF Model


The surface reflectance can be described using a BRDF, which is a function of the solar zenith angle, view zenith angle, and both solar azimuth angle and view azimuth angle, with respect to a reference direction [31]. This anisotropy is strongly affected by solar illumination angle [18] as well as the canopy structural geometry and wavelength [18]. BRDF can be used to standardise surface reflectance observations with varying sun-view geometries to a common geometry [32].



In this study, a well-tested semi-empirical BRDF model, the RossThick-LiSparse Reciprocal model (hereafter, RTLS model), was implemented to simulate MODIS surface reflectances as acquired at varying solar zenith angles [33]. The theoretical basis of the semi-empirical BRDF model is that the land surface reflectance can be modelled as a sum of three kernels representing basic scattering types—isotropic scattering, radiative transfer-type volumetric scattering (similar to that from horizontally homogeneous leaf canopies), and geometric-optical surface scattering (similar to that from scenes containing three-dimensional objects that cast shadows and are mutually obscured from view at off-nadir angles) [31,34,35]. In this study, the three kernels of the BRDF model, which quantify intrinsic surface properties at any given site and within an eight-day period, were inverted from the MODIS observations (combined Terra and Aqua) [15].




2.3. Vegetation Indices


NDVI and EVI are widely used as proxies of canopy “greenness”, an integrative composite property of the green leaf area, canopy structure, and leaf chlorophyll content [36]. Both NDVI and EVI have been used for deriving vegetation phenological metrics at regional to global scales [5,37,38,39,40]. Vegetation Indices (VIs) are robust and seamless biophysical measures, computed identically across all pixels in time and space, regardless of the biome type, land cover condition and soil type [41]. EVI was used as an optimised version of NDVI that effectively reduces soil background influences and atmospheric noise variations [6]. The equations defining NDVI [42] and EVI are:


NDVI=ρnir−ρredρnir+ρred



(1)






EVI=2.5ρnir−ρredρnir+6ρred−7.5ρblue+1



(2)




where ρnir, ρred and ρblue are reflectances of the near infrared (841–876 nm), red (620–670 nm), and blue (459–479 nm) bands of the MODIS sensor, respectively.




2.4. MOD09A1


We used 9 years (Jan 2010–Dec 2018) of 8-day 500 m Surface Reflectance products (MOD09A1, C006, tiles h30v10 and h30v11) [32] obtained through the online Data Pool at the NASA Land Processes Distributed Active Archive Centre (LP DAAC), the USGS/Earth Resources Observation and Science (EROS) Centre (https://lpdaac.usgs.gov/data_access). Solar zenith angle when the Terra overpassed (~10:30AM, termed as SZA-Terra for further reference) were extracted for each local site. The SZA-Terra was then used as an input variable to the RTLS BRDF model, together with the BRDF model parameters from MCD43A1, for simulating surface reflectance and calculating Vis, as when sun-angle was at the Terra overpassing time and when the view-angle was at nadir.




2.5. MCD43A1


We obtained 9 years (Jan 201–Dec 2018) of daily 500 m BRDF/Albedo Model Parameters product (MCD43A1 C006, tiles h30v10 and h30v11). The MCD43A1 product supplies the weighting parameters associated with the semi-empirical RTLS BRDF model that best describes the anisotropy of each pixel at any given 8-day period [15]. Combined data from the MODIS instruments onboard the Aqua and Terra satellites were used. A 3 × 3 MCD43A1 500 m pixel window (2.25 km2) was used to extract the time series of the BRDF parameters for each local site. Within the extracted time series, only good quality data with full BRDF model inversion were selected, according to the QA layer of MCD43A1.



A normalisation of the directional effect consists of putting the measurements in a standard observation geometry [32]. To focus on the effect of seasonal variations in SZA on surface reflectances and VIs, view zenith angle was normalised to zero (i.e., nadir view) and solar zenith angle was either varied at the Terra overpass time (SZA-Terra), local solar noon (this is the same configuration as the MCD43A4 NBAR product, termed as SZA-Local Solar Noon (SZA-LSN)), or was fixed at 0°, 15°, 35° and 45° (termed as SZA-0, SZA-15, SZA-30, SZA-45, respectively) to capture the widest possible range in SZA over the NATT study area.




2.6. The Phenological Metrics Extraction Method


Figure 2 diagrams the method for extracting phenological metrics from the VI time series. Four phenological metrics, including the start of growing season (SGS), the peak of growing season (PGS), the end of growing season (EGS), and the length of growing season (LGS), were extracted from the time series of MODIS VI, using an algorithm based on Singular Spectrum Analysis (SSA-Pheno) [14]. The SSA-Pheno algorithm has been tested over Australia, across a wide-range of vegetation structural classes and rainfall regimes, and has demonstrated robustness and reliability in extracting phenological metrics from the noisy MODIS time series [14,43]. Technical description of the SSA-Pheno can be found in [14,43]. Here, we briefly introduce the concept of this algorithm and the main parameters used. The SSA (Singular Spectrum Analysis) is a data-adaptive method that has been found to be well-suited to the analysis of nonlinear dynamics in geophysical datasets. The fundamental concept of SSA is to embed a time series into a high-dimensional Euclidean space and identify the sub-space corresponding to the component of the interest from which a reconstructed time series is generated. SSA implementation requires two important parameters to be determined—the window length L and the selection of the leading components N. In testing our dataset, an optimised L of 46 composite periods (46 × 8 / 365 ≈ 1 year) was found to best capture the periodicity and reduce most of the high frequency random noise. We selected four leading components (N = 4) to reconstruct the VI time series, with the first component contributing information on the long-term trend and the remaining components contributing the periodicities of declining frequency, which are important for retrievals of the phenological metrics. Lastly, the SSA-reconstructed 8-day VI time series was interpolated to daily values using local polynomial regression, before being used to derive the phenological metrics.



In this study, SGS was defined as when VI reached the value equal to the minimum value prior to the growing season plus 20% of the seasonal amplitude, during the greenup phase. Similarly, EGS was defined as when VI reaches the value equal to the minimum value after greening season plus 20% of amplitude, during the browndown phase. LGS was calculated as the difference between EGS and SGS. Phenological metrics were only extracted when consecutive gaps within the time series of VIs were less than six for any given site/year.




2.7. Statistics


To evaluate the difference among phenological metrics derived from time series of VIs with different sun-angle configurations, the root mean squared error (RMSE) was calculated. The equation to calculate RMSE is:


RMSE=∑t=1n(x0−x)2n



(3)







Data processing, statistical analysis, and visualisation were conducted in open source R scientific computation environment (Version 3.3.3) and associated packages contributed by the R user community (http://cran.r-project.org) [44].





3. Results


3.1. Seasonal Profiles of NDVI and EVI Normalised to Different Sun-Angles


Solar zenith angle (SZA) exhibited a seasonal cycle that also varied across sites (Figure 3). The range of seasonal variations in SZA increased with latitude, with the SZA-Terra ranging from about 17–44°, at Northern Howard Springs (12.5 °S) to about 18–52° at Southern Ti Tree (22.3 °S) (Figure 3). Seasonal dynamic ranges of SZA was enhanced by SZA-LSN, varying from about 0–36° at Howard Springs to about 0–46° at Ti Tree, all much larger than the observation range that the Terra satellite experiences (Figure 3).



Figure 4 and Figure 5 show the time series comparisons among mean seasonal profiles of NDVI or EVI, normalised to different SZAs at a nadir view. Differences in sun-angle configuration resulted in considerable differences in both the shape and magnitude of the phenological profiles, particularly during the browndown phase (peak to dry season) (Figure 4 and Figure 5). Differences among NDVIs were generally greater than the differences among EVIs, and the differences in the magnitude of sun-angle effect on time series of VIs were different across sites and vegetation types (Figure 4 and Figure 5). The sun-angle effect was larger at the Southern Dry River and Ti Tree sites where vegetation cover was sparser and seasonal variation in the sun-angle was larger as compared to the northern sites (Figure 4 and Figure 5).




3.2. Variations in the Sensitivity of NDVI and EVI to Sun-Angle across Sites and Phenophases


To investigate the sensitivity of NDVI and EVI to sun-angle at any given date, VIs fixed at four sun-angles (all nadir view), VISZA-0, VISZA-15, VISZA-30 and VISZA-45, were plotted with respect to the sun-angle. Due to the seasonal variations in the quantity of greenness, the four VIs were normalised by VISZA-0 at any given site/date to focus on the slope (sensitivity) and percentage change relative to VISZA-0. There were considerable differences in the sensitivity of VIs to the sun-angle across sites, between the wet season (February) and the dry season (July), and between NDVI and EVI (Figure 6). First, sensitivity of VIs to sun-angle was generally larger during the dry season than during the wet season (except for EVI at the Daly River site) (Figure 6). Additionally, the dynamic range of the sensitivity of VIs to sun-angle was larger at Howard Springs, Daly River, and Dry River sites than at the Ti Tree site (Figure 6). Except for the wet season at Howard Springs and the Daly River sites, where the sensitivity of NDVI and EVI to SZA was similar, for the other sites, the sensitivity of NDVI to sun-angle was generally greater than the sensitivity of EVI during both the wet and dry seasons (Figure 6C,D).



Furthermore, only positive responses of NDVI to sun-angle variations were observed, while EVI exhibited both positive and negative responses (Figure 6C,D). During the dry season (with only evergreen trees present), EVI across all sites increased with increases in SZA, while during the wet season (with both trees and green grass present), EVI decreased with increasing SZA (Figure 6B). We further examined the relationship between VI sensitivity to SZA (in absolute values) as a measure of the overall sensitivity regardless of signs and vegetation cover (measured by NDVI or EVI), across sites and seasons (Figure 7). A strong negative correlation between NDVI sensitivity to SZA (in absolute value) and vegetation cover was observed (r = −0.93, p-value < 0.0001), while no significant correlation between EVI sensitivity to SZA (in absolute value) and EVI-level was observed (r = 0.27, p-value = 0.52) (Figure 7). On average, NDVI and EVI sensitivities to SZA were 0.0031 ± 0.0014 and 0.0003 ± 0.0007, per degree change in the SZA across site/season (Figure 7). It is also worth noting that only when vegetation cover approached very high levels (NDVI > 0.6), as during the wet season, did the NDVI sensitivity to SZA decline to low levels, comparable to those of EVI (Figure 7).




3.3. Impacts of the Sun-Angle on Phenological Metrics Derived from Time Series of VIs


Figure 8 and Figure 9 show the original and SSA-reconstructed time series of NDVI and EVI with different sun-angle configurations at the four NATT sites. Phenological transition dates extracted using SSA-Pheno algorithm were indicated on each plot. It can be seen that seasonal variations in sun-angle had a large impact on the derived phenological metrics and the impact was generally larger on the metrics derived from NDVI than the metrics derived from EVI (Figure 8 and Figure 9). Overall, the differences among metrics derived from the different VIs were relatively small at the Howard Springs and the Daly River sites (Figure 8A,B and Figure 9A,B) and increased at the Dry River site, and the differences were most pronounced at the Ti Tree site (Figure 8C,D and Figure 9C,D).



Figure 10 and Figure 11 show the cross-site comparisons among phenological metrics derived from VISZA-Terra, VISZA-LSN, VISZA-30 and VISZA-45, at the four NATT sites. Despite the use of a consistent phenological metrics retrieval algorithm, there were considerable differences among the metrics derived from Vis, with varying SZA (SZA-Terra and SZA-LSN) and metrics derived from VIs with fixed SZAs (Figure 10 and Figure 11). Varying sun-angle resulted in positive biases (i.e., delay) in NDVI-based phenological metrics, yet the impact of the varying sun-angle EVI-based metrics was more complex with both positive and negative biases observed across sites (Figure 10 and Figure 11). Phenological metrics derived from VISZA-Terra and VISZA-LSN exhibited discrepancies similar to those derived from VISZA-30 (Figure 10). Across the four sites, the sun-angle effects caused 15.5-day, 21.6-day and 20.5-day differences, respectively, in the start, peak, and end dates of growing season derived from NDVISZA-LSN, as compared to those derived from NDVISZA-30. In comparison, those differences, respectively, in the start, peak, and end dates of the growing season derived from EVISZA-LSN, as compared to EVISZA-30 were considerably smaller and were only less than 5 days.





4. Discussion


One of the objectives of this study was to evaluate the sensitivities of two commonly used vegetation indices—NDVI and EVI—to seasonal variations in the sun-angle. Considerable variations in the sensitivity of NDVI and EVI were found across the different phenological stages. At any given site/date, NDVI increased with increasing sun-angle (Figure 6). However, EVI appears to be largely immune to sun-angle effects (Figure 7). At any given site/date, EVI can both increase or decrease with increases in sun-angle, depending on the phenological stage (wet or dry seasons) (Figure 6). Our findings here over tropical savannas were in line with the previous findings by Middleton [18] in a tall grass prairie, which also found that at intermediate biomass sites (0.5 < LAI < 2.0), NDVI increased with solar zenith angle. Similar monotonic increases in NDVI with solar zenith angle have also been reported elsewhere, for alfalfa [21,45] and the Amazon tropical forest [46].



Our finding that NDVI was more sensitive to SZA variations at the southern xeric sites with sparse vegetation cover than at the northern humid dense vegetated woodland was consistent with previous studies which showed the trend of decrease in sensitivity of NDVI to SZA, as leaf area increased [47]. This assumption was further corroborated by the analysis between NDVI sensitivity to SZA with regard to vegetation cover, with two interesting observations—(1) a strong negative correlation and (2) an NDVI sensitivity decline to the same low levels as the EVI, when vegetation cover was high (Figure 7). This could be explained by the fact that under dense vegetation canopies, the influence of soil-induced effect was minimal [47]. Additionally, the saturation of NDVI in high biomass areas might also explain the declined sensitivity of NDVI to SZA variations [47,48]. Our findings of the EVI being consistently less sensitive than NDVI to SZA variations across most site and seasons (Figure 6) adds more vegetation types to [9], which also found that EVI was more resistant to variations in viewing and illumination geometry, when compared to NDVI in tropical forests.



The positive and negative responses of EVI to sun-angle variations were intriguing, which suggested there might be potential factors, such as vegetation structure and phenological stages that dictated the sign of the EVI response to the sun-angle. For instance, it has been observed that canopy reflectance increased, decreased, or remained invariant with changing solar angles, depending on the reflectance properties of the underlying soil [17]. Our finding of varying response of VIs to sun-angles, across phenophases, might also reflect the relative role of vegetation cover and soil background in determining the sun-angle effect on VIs, especially for NDVI (Figure 7).



The response patterns of vegetation indices to SZA are different across phenological seasons and across different vegetation structural classes. The different responses of VIs to sun-angles, precluded the use of a simple correction method to remove the sun-angle effect, which implied that knowledge of site-specific canopy and soil attributes at the time of observation are essential for a full-correction of the sun-angle effect on surface reflectances [17,18]. In addition, a standard SZA has to be predefined for real-time normalisation of the sun-angle to constant illumination conditions, across space and time.



Our results also showed that both the shape and magnitude of the seasonal profiles of NDVI and EVI were significantly altered by sun-angle variations, resulting in considerable differences among phenological metrics derived from VIs with variable SZA configurations. Vegetation indices calculated using MCD43A4 nadir-adjusted (NBAR) surface reflectances have been widely used for deriving phenological metrics at the regional to global scales [5,49]. The NBAR product provides reflectance data adjusted to the nadir view, but SZA remains variable across seasons (local solar noon) [15].



In addition, because different plant functional types (or species) can have unique phenologies and these would affect how seasonal VI profile is coupled with the seasonal sun-angle variation, leading to a stronger or a weaker sun-angle dependency of the retrieved phenological metrics. Future studies might consider not only vegetation structural classes but also functional classes to better understand and disentangle the relative influence of these two on the interaction of seasonal sun-angle and vegetation phenology.



On a global monitoring scale, the sun-angle effect could result in uncertainties in the estimation of several important ecological parameters, such as carbon uptake period, grass curing, and crop/forage productions, particularly at high-latitudes where seasonal variations in solar zenith angle are larger than tropic and sub-tropic regions. As such, the findings from our study should have important ecological implications on studies related to terrestrial carbon cycle, food security and fire management. For example, a previous study noticed that the length of growing season tended to be overestimated in the Southern Hemisphere by pathfinder NDVI, if the BRDF effect was not corrected [22]. To obtain a realistic representation of ground vegetation dynamics using satellite observations, it was, therefore, of great importance that both the sun-angle and view-angle effects on surface reflectances were properly corrected before extracting the phenological metrics from these observations.



However, it must be admitted that having a global near-real-time correction of the sun-angle effect is not as intuitive as having a correction of view-angle effect. This is due to two major reasons. First, the restriction of nadir surface reflectances measurements to a fixed SZA is still not practical for the current polar-orbiting satellites. In this sense, the increasing availability of data streams from new generation geostationary satellites with a refined spatial resolution, has the potential to be used to normalise SZA, as within any given day, observations can be selected according to the hour of the (hence, SZA). Second, an arbitrary sun-angle has to be predefined and one has to assume such an angle is applicable over the entire globe and across seasons. It is obvious that such an assumption would result in half of the planet at any given date being modelled to an unrealistic sun angle that never occurs in reality, and thus, cannot be validated through comparison with ground measurements. Nevertheless, the correction of the sun-angle effect would still be largely possible and valuable for a regional vegetation and crop monitoring scheme.



Previous studies in northern temperate regions generally defined 45° as a standard SZA [18,50]. However, 45° would be too large for tropical areas, as most observations taken by Terra and Aqua were in a situation when SZA was below 45° in the NATT study area (Figure 3), thus, using 45° as standard SZA would result in consistent over-extrapolation of the BRDF model. As a result, a trade-off has to be nonetheless made for normalising SZA across space or time, depending on the research emphasis (e.g., trend in phenology across time at any given location or spatial patterns in phenology over a regional scale).



The selection of a standard SZA brings to mind the question asked by Middleton in 1992: “Which solar zenith angle is best for acquiring surface reflectance measurements in order to monitor vegetation dynamics and to estimate canopy structural and functional variables?” [18]. During the past decades, the launches of Terra, Aqua and NPP satellites and the subsequent release of publicly-available MODIS/VIIRS products, brought about a rich era in the applications of satellite observations in agriculture, ecology, environment and global change studies. However, global products are still lacking for surface reflectances and vegetation indices that have been fully-corrected for the BRDF effect.



In summary, future studies are urgently needed to improve our understanding of the sun-angle effect on vegetation indices and phenological metrics, and to determine whether an optimal method exists for the correction of sun-angle effects at a global scale. This would not only facilitate more meaningful comparisons of vegetation greenness and productivity at a global scale for climate continuity analysis, but would also improve the monitoring of real biological signals that are free from artefacts caused by directional effects.




5. Conclusions


Satellite-based studies of vegetation phenology generally rely on time series of vegetation indices, either without correction of changing viewing and illumination geometries (e.g., MOD09 or MOD13), or only with partial correction of the view-angle effect (e.g., MCD43 NBAR). In this study, the sun-angle effect on NDVI and EVI was examined through a complete simulation of surface reflectances, with multiple sun-angle configurations. The influences of seasonal sun-angle variations on several phenological transition dates were further assessed.



Our results showed that NDVI and EVI are both sensitive to variations in SZA, and NDVI is much more sensitive to SZA than EVI. The sun-angle effects result in considerable differences in both the shape and magnitude of the phenological profiles. Responses of NDVI and EVI to SZA variations are not only dependent on vegetation structural classes, but also exhibit dependencies on phenophases with contrasting responses of VIs to sun-angle variations, across different stages of the growing seasons. Phenological metrics derived from NDVI without the correction of sun-angle effect are biased, as compared to those derived from VIs with a standard sun-view geometry, and such bias is possibly absent for EVI, probably due to an overall smaller sensitivity of EVI to SZA. Furthermore, phenological metrics derived from VIs fixed at different, constant sun-angles, also show discrepancies, suggesting that the selection of a constant SZA for normalisation of the sun-angle effects is relevant for deriving consistent and comparable phenological metrics, across space and time.



One of the priorities of terrestrial remote sensing is to identify the signals of seasonal and inter-annual dynamics of vegetation, in response to climate change and human activities, and distinguish such signals from noise and artefacts caused by external factors. As restrictive nadir VI observations at fixed sun-angles are not currently feasible from sensor measurements onboard the current satellites, the BRDF-model should be used for normalising satellite observations to a standard sun-view geometry, before deriving phenological metrics from the time series of satellite observations.
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Figure 1. Spatial extent of the North Australian Tropical Transect (NATT) study area. The red triangles indicate the locations of the four local sites. Background is the map of the Australian Major Vegetation Groups (MVGs, V4.1), provided by the Australian National Vegetation Information System. Central-right panel shows the locations of the study area over the Australian continent (image source: Google Earth). Photographs show the ground-view of each flux tower site (image credit: www.OzFlux.com). Top-left—wet season at Howard Springs; bottom-left—dry season at Daly River; top-right—dry season at Dry River; bottom-right—woodland floor and understorey at Ti Tree. 
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Figure 2. Diagram of the Singular Spectrum Analysis (SSA)-Pheno algorithm for deriving phenological metrics. The top panel shows the original MODIS VI time series and SSA-reconstructed VI time series for Howard Springs (Eucalypt woodland) from 2000 to 2014. The bottom panel shows the diagram for extracting phenological metrics using a VI profile of Howard Springs in 2001–2002. Phenological transition dates, including the start of growing season (SGS), the peak of growing season (PGS), the end of growing season (EGS), as well as the length of growing season (LGS) are labelled on the graph. SGS is defined as the timing when the enhanced vegetation index (EVI) passes the 20% threshold of the seasonal amplitude during the greenup phase (seasonal maximum EVI–prior season minimum EVI), and EGS is defined as the timing when EVI passes the 20% threshold of the seasonal amplitude during the browndown phase (seasonal maximum EVI–after season minimum EVI). 
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Figure 3. Seasonal variations in solar zenith angle for the Terra satellite (MODIS sensor onboard) overpassing time (~10:30am local time) and the local solar noon at four NATT sites. 
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Figure 4. Mean seasonal profile of Bidirectional Reflectance Distribution Function (BRDF)-corrected normalised difference vegetation index (NDVI) from 2010 to 2018, including NDVISZA-Terra, NDVISZA-LSN, NDVISZA-0, NDVISZA-15, NDVISZA-30 and NDVISZA-45 at 4 NATT flux tower sites. All NDVIs have been adjusted to the nadir view. The shaded area indicates the 95% confidence interval of the mean. 






Figure 4. Mean seasonal profile of Bidirectional Reflectance Distribution Function (BRDF)-corrected normalised difference vegetation index (NDVI) from 2010 to 2018, including NDVISZA-Terra, NDVISZA-LSN, NDVISZA-0, NDVISZA-15, NDVISZA-30 and NDVISZA-45 at 4 NATT flux tower sites. All NDVIs have been adjusted to the nadir view. The shaded area indicates the 95% confidence interval of the mean.



[image: Remotesensing 11 01398 g004]







[image: Remotesensing 11 01398 g005 550]





Figure 5. Mean seasonal profile of BRDF-corrected EVI from 2010 to 2018, including EVISZA-Terra, EVISZA-LSN, EVISZA-0, EVISZA-15, EVISZA-30 and EVISZA-45 at 4 NATT flux tower sites. All EVIs have been adjusted to the nadir view. The shaded area indicates the 95% confidence interval of the mean. 
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Figure 6. Sensitivity of vegetation indices to sun-angle variations. (A) Changes in NDVI with variations in sun-angle during the wet season (February) and the dry season (July), at four NATT sites. (B) Changes in EVI with variations in sun-angle during the wet season and dry season, at four NATT sites. (C) Comparison of the sensitivity of NDVI and EVI to changes in the sun-angle during the wet season, at four sites. (D) Comparison of the sensitivity of NDVI and EVI to changes in sun-angle during the dry season, at four sites. For each site, four VIs were simulated using the BRDF model by fixing the sun-angle at 0°, 15°, 30° and 45°. All NDVIs and EVIs have been adjusted to the nadir view. For comparison among sites, values have been normalised by VISZA-0 for each site. Sensitivity is defined as change in VI per degree change of solar zenith angle (SZA). 






Figure 6. Sensitivity of vegetation indices to sun-angle variations. (A) Changes in NDVI with variations in sun-angle during the wet season (February) and the dry season (July), at four NATT sites. (B) Changes in EVI with variations in sun-angle during the wet season and dry season, at four NATT sites. (C) Comparison of the sensitivity of NDVI and EVI to changes in the sun-angle during the wet season, at four sites. (D) Comparison of the sensitivity of NDVI and EVI to changes in sun-angle during the dry season, at four sites. For each site, four VIs were simulated using the BRDF model by fixing the sun-angle at 0°, 15°, 30° and 45°. All NDVIs and EVIs have been adjusted to the nadir view. For comparison among sites, values have been normalised by VISZA-0 for each site. Sensitivity is defined as change in VI per degree change of solar zenith angle (SZA).



[image: Remotesensing 11 01398 g006]







[image: Remotesensing 11 01398 g007 550]





Figure 7. Sensitivity of vegetation indices to sun-angle variations, in absolute values, as a function of vegetation greenness. (A) Changes in NDVI sensitivity to SZA variation as a function of NDVI across four sites and across wet and dry seasons. (B) Changes in EVI sensitivity to SZA variation as a function of EVI across four sites and across wet and dry seasons. Sensitivity of VI to SZA is computed as the slope in the relationship between the change in rescaled VI (VI / VISZA-0) to the unit change in SZA (refer to Figure 6) and hence sensitivity is comparable between NDVI and EVI (i.e., a higher sensitivity means a higher percentage of change in VI, relative to VISZA-0). 
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Figure 8. Time series of MODIS NDVI at four NATT sites from 2010 to 2018. The light colour lines are original time series and the dark colour lines are gap-filled and reconstructed time series. Phenological transition dates are indicated on each line, including the start of greening season (SGS, solid circle), the peak of greening season (PGS, solid triangle), and the end of greening season (EGS, solid rectangle). Phenological metrics extracted from NDVI with three different SZA configurations (all at nadir view), with SZA varying according to the Terra overpass time (SZA-Terra) and the local solar noon (SZA-LSN), or fixed at 30° (SZA-30) or 45° (SZA-45). 
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Figure 9. Time series of MODIS EVI at four NATT sites from 2010 to 2018. The light colour lines are original time series and the dark colour lines are gap-filled and reconstructed time series. Phenological transition dates are indicated on each line, including the start of greening season (SGS, solid circle), the peak of greening season (PGS, solid triangle), and the end of greening season (EGS, solid rectangle). Phenological metrics extracted from EVI with three different SZA configurations (all at nadir view), with SZA varying according to the Terra overpass time (SZA-Terra) and the local solar noon (SZA-LSN), or fixed at 30° (SZA-30) or 45° (SZA-45). 
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Figure 10. Cross-site relationship between the phenological metrics extracted from NDVI and EVI with different SZA configurations across four NATT sites. SGS—start of greening season; and PGS—peak of greening season. Phenological metrics extracted from the NDVI and EVI with three different SZA configurations (all at nadir view), with SZA varying according to the Terra overpass time (SZA-Terra) and the local solar noon (SZA-LSN), or fixed at 30° (SZA-30) or 45° (SZA-45). 
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Figure 11. Cross-site relationship between the phenological metrics extracted from NDVI and EVI, with different SZA configurations across four NATT sites. EGS—end of greening season; LGS—length of greening season; And DOY—day of year, started on July 1. Phenological metrics extracted from NDVI and EVI with three different SZA configurations (all at nadir view), with SZA varying according to Terra overpassing time (SZA-Terra) and local solar noon (SZA-LSN), or fixed at 30° (SZA-30) or 45° (SZA-45). 
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Table 1. Summary of vegetation types and climatology of four local sites in the NATT.
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	Site
	Longitude (°E)
	Latitude (°S)
	Elevation (m)
	MVG
	Overstorey
	Understorey
	Canopy Height (m) a
	Soil a
	MAP ± σ (mm) b





	Howard Springs
	131.150
	12.495
	64
	Eucalypt Woodlands
	Eucalyptus miniata, Erythrophleum chlorostachys, Terminalia ferdinandiana
	Sorghum spp.
	18.9
	red kandosol
	1722 ± 341



	Daly River
	131.383
	14.159
	52
	Eucalypt Woodlands
	T. grandiflora, E. tetrodonta, E. latifolia
	Sorghum spp., Heteropogon triticeus
	16.4
	red kandosol
	1295 ± 334



	Dry River
	132.371
	15.259
	175
	Eucalypt Open Forests
	E. tetrodonta, E. dichromophloia, Corymbia terminalis
	Sorghum. spp., Themeda triandra, Chrysopogon fallax
	12.3
	red kandosol
	1063 ± 277



	Ti Tree
	133.249
	22.283
	606
	Acacia Woodlands
	C. opaca, E. victrix, Acacia aneura
	Psydrax latifolia, Thyridolepsis michelliana, Eragrostis eriopoda, Eriachne pulchella
	6.5
	red kandosol
	443 ± 222







a cited from OZFlux website: www.ozflux.org.au. b MAP = mean annual precipitation, calculated using BoM (Bureau of Meteorology, Australia) gridded rainfall data for each site using data of 12 hydrological years (1 July 2000–30 June 2012) (Jones et al., 2007).
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