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ARTICLE INFO ABSTRACT
Keywords: The global greening trend, marked by significant increases in vegetation cover across ecoregions,
Global greening has attracted widespread attention. However, even robust traditional methods, like the non-

Remote sensing

¢ parametric Mann-Kendall test, often overlook crucial factors such as serial correlation, spatial
Spatiotemporal trends

Pre-whitening autocorrelation, and multiple testing, particularly in spatially gridded data. This oversight can

Theil-sen (TS) lead to inflated significance of detected spatiotemporal trends. To address these limitations, this

Contextual mann-kendall (CMK) research introduces the True Significant Trends (TST) workflow, which enhances the conven-

Adaptive false discovery rate (FDR) tional approach by incorporating pre-whitening to control for serial correlation, Theil-Sen (TS)
slope for robust trend estimation, the Contextual Mann-Kendall (CMK) test to account for spatial
and cross-correlation, and the adaptive False Discovery Rate (FDR) correction. Using AVHRR
NDVI data over 42 years (1982-2023), we found that conventional workflow identified up to
50.96% of the Earth’s terrestrial land surface as experiencing statistically significant vegetation
trends. In contrast, the TST workflow reduced this to 38.16%, effectively filtering out spurious
trends and providing a more accurate assessment. Among these significant trends identified using
the TST workflow, 76.07% indicated greening, while 23.93% indicated browning. Notably,
considering areas (pixels) with NDVI values above 0.15, greening accounted for 85.43% of the
significant trends, with browning making up the remaining 14.57%. These findings strongly
validate the ongoing global greening of vegetation. They also suggest that incorporating more
robust analytical methods, such as the True Significant Trends (TST) approach, could significantly
improve the accuracy and reliability of spatiotemporal trend analyses.

1. Introduction

A growing body of remote sensing research reports notable global greening, with widespread increases in vegetation cover across
ecoregions (Chen et al., 2019b; Chi Chen et al., 2019a; Chen et al., 2024; Guo et al., 2018; Los, 2013; Schut et al., 2015; Xiao and
Moody, 2005; Zhao et al., 2018; Zhu et al., 2016). However, conclusions about greening often rely on monotonic trend analyses of
NDVI, LAI and similar parameters, which may lack statistical rigour, particularly in the context of spatiotemporal trend analysis
(Cortés et al., 2020). In this research, we address these analyses’ limitations and propose a new workflow for monotonic trend analysis
of spatiotemporal gridded data.

The gold standard for measuring trend slope typically relies on the Theil-Sen estimator, while trend significance is commonly
assessed using non-parametric tests like the Mann-Kendall test (Eastman and ClarkLabs, 2021). However, monotonic trend analyses in

* Corresponding author.
E-mail addresses: olivergh@uma.es (O. Gutiérrez-Hernandez), lv.garcia@csic.es (L.V. Garcia).

https://doi.org/10.1016/j.rsase.2024.101377
Received 5 September 2024; Received in revised form 26 September 2024; Accepted 7 October 2024

Available online 11 October 2024
2352-9385/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).



O. Gutiérrez-Hernandez and L.V. Garcia Remote Sensing Applications: Society and Environment 37 (2025) 101377

spatial gridded data often overlook the effects of serial correlation (Anderson, 2014), spatial autocorrelation (Getis, 1995), and
multiple testing (James et al., 2021).

Although serial correlation, spatial autocorrelation, and multiple testing are each well-recognised issues in geography and envi-
ronmental sciences (Garcia, 2003; Rogerson, 2024), they have not been considered together in spatiotemporal trend analysis, with the
most significant omissions occurring in remote sensing-based trend analysis research (Gutiérrez Hernandez and Garcia, 2024).
Neglecting to account for these factors simultaneously can lead to misleading conclusions, as they may artificially inflate the statistical
significance of detected trends or mask genuine patterns. This issue is often associated with Type I errors, also known as false positives,
which occur when a test incorrectly rejects a true null hypothesis.

We aim to address this significant gap by analysing global vegetation trends’ magnitude, direction, and significance using an
innovative methodological approach that integrates serial, spatial, and cross-correlations controls and multiple testing corrections.
These techniques have not previously been applied in a unified workflow, which we term True Significant Trends (TST). This research
involves a comprehensive global analysis of spatiotemporal trends in NDVI data over 42 years, from 1982 to 2023.

2. Materials & methods
2.1. Remote sensing data

This research used the Advanced Very High-Resolution Radiometer (AVHRR) NDVI data from the Vegetation Health Products
provided by NOAA’s STAR (NOAA, 2024). These data are derived from the Advanced Very High-Resolution Radiometer (AVHRR)
onboard NOAA'’s polar-orbiting satellites. NDVI values are derived from atmospherically corrected surface reflectance data acquired
by the AVHRR sensor. The AVHRR NDVI dataset, originally at 4 km resolution, was resampled to a 10-min resolution using bilinear
interpolation, covering 570,652 pixels globally.

Initially, 2184 images were processed, corresponding to 52 weekly raster images per year, covering 42 years from 1982 to 2023. To
address missing or incorrect pixel values (cloud contamination, sensor noise, etc.), and to fill gaps in our dataset, two interpolation
methods were applied to achieve a complete and curated series: linear temporal interpolation was used to fill in missing images, while
harmonic interpolation was employed to correct erroneous pixel values by fitting a harmonic regression (Roerink et al., 2000).

Finally, an annual spatiotemporal time series was generated, representing the median NDVI value per year from 1982 to 2023. The
median was used because it is less sensitive to outliers and extreme values (Forthofer et al., 2007), providing a more robust measure of
central tendency for capturing consistent annual vegetation trends.

2.2. Research workflow for true significant trends (TST)

Fig. 1 illustrates the True Significant Trends (TST) workflow, detailed in the following sections. In the supplementary information
(attached document), we offer a more comprehensive explanation of the statistical foundations, including detailed descriptions and
mathematical equations related to the statistical methods used, which support the overall framework of this workflow.

2.2.1. Serial correlation control

We applied a pre-whitening process to the 42-year median NDVI values time series using the Prewhiten module included in the Earth
Trends Modeler (ETM) of the TerrSet 2020 Geospatial Monitoring and Modeling Software (Eastman and ClarkLabs, 2021).

Pre-whitening refers to the removal of serial correlation in the error (noise) component of a series (Kulkarni and von Storch, 1995;
von Storch, 1999). Yue and Wang (2002) criticised the original pre-whitening procedure for increasing the likelihood of accepting the
null hypothesis of no trend. To overcome this, we used the iterative method proposed by Wang and Swail (2001), which effectively
addresses this issue. This procedure eliminates first-order serial correlation in the time series data using a multi-stage pre-whitening
technique. Typically, the pre-whitening process reduces the sample size by one, as there is no prior value for the first observation. In
ETM (Eastman and ClarkLabs, 2020), however, the Prais-Winsten transformation is used to estimate the value for the first date,
allowing the entire dataset to be maintained (Kmenta, 2004; Prais and Winsten, 1954).
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2.2.2. Robust trend analysis considering spatial cross-correlation

Building on the pre-whitened 42-year median NDVI time series, we applied the Theil-Sen (TS) estimator to this pre-whitened series
to determine the slope magnitude and direction, followed by the Contextual Mann-Kendall (CMK) test, a modification of the traditional
Mann-Kendall (MK) test, to assess statistical significance at an alpha level of 0.05. These analyses were conducted using the Kendall
module in TerrSet (2020) Geospatial Monitoring and Modeling Software (Eastman and ClarkLabs, 2023).

The Theil-Sen (TS) slope estimator calculates the median slope from all possible pairwise comparisons of observation values. This
non-parametric technique for estimating the magnitude of trends in time series data was introduced by Theil (1950) and later refined
by Sen (1968). A widely used method is the MK test to assess the significance of the TS slope. Like the TS approach, the MK test
evaluates the slopes between all possible pairs of data points (Mann, 1945). In the MK test, the data are ordered chronologically, with
each data point serving as a reference for the subsequent data points in time (Kendall, 1975). We used the CMK test, an enhanced
version of the traditional MK test, to assess the statistical significance of interannual trends (Neeti and Eastman, 2011). Unlike the
original MK test, the CMK test sequentially incorporates contextual information from first-order eight neighbours to correct for spatial
correlation while addressing the cross-correlation.

According to Neeti and Eastman (2011), the CMK method reduces the detection of spurious trends while increasing confidence in
the presence of consistent ones. Furthermore, applying the TS slope offers the distinct advantage of filtering out inter-annual variability
shorter than 0.29 times the length of the series. Together, these techniques are non-parametric and robust against the influence of
outliers.

2.2.3. Adaptive False Discovery Rate control

We applied the adaptive False Discovery Rate (FDR) control using the Benjamini et al. (2006) procedure to the significance gridded
data generated by the CMK test for interannual median NDVI trends. The analysis was conducted on pixel-level data across our study
area, covering 570,652 within the masked region. For implementation, we used the multtest package in R (Pollard et al., 2023),
leveraging a custom wrapper for raster data provided by the terra package (Hijmans, 2024; R Core Team, 2021).

The original FDR approach introduced by Benjamini and Hochberg (BH) provided a robust framework for controlling the false
discovery rate. The FDR is defined as the expected proportion of falsely rejected null hypotheses among all the hypotheses that have
been rejected as significant (Benjamini and Hochberg, 1995). However, it assumes a constant threshold across all hypotheses, which
may not be optimal in every context, particularly in situations of positive spatial dependency or when there is heterogeneity among the
hypotheses. Benjamini et al. (2006) proposed an adaptive linear step-up procedure that refines earlier approaches, including the
adaptive method from Benjamini and Hochberg (2000). It introduces a more precise two-stage process that improves the estimation of
the number of true null hypotheses and adjusts the significance threshold accordingly. This approach enhances the control of the FDR,
particularly in contexts with positively dependent test statistics or a low proportion of true nulls.

3. Results & discussion

Fig. 2 highlights the significant interannual NDVI trends detected across the global terrestrial land surface where AVHRR NDVI data
is available, identified over 42 years, from 1982 to 2023, using the True Significant Trends (TST) workflow. This AVHRR NDVI analysis
reveals that approximately 38.16% of the global terrestrial land surface experienced statistically significant vegetation trends.
Moreover, of the significant trends observed, 76.07% were increases in vegetation (greening) and 23.93% decreased (browning).
When analysing areas with an NDVI value above 0.15, the greening trends account for 85.43%, with browning trends comprising
14.57%.

Fig. 3 illustrates the impact of increasingly sophisticated trend analysis methods, each designed to control variance and Type I
errors, on detecting significant NDVI trends. The MK test applied to the raw, non-pre-whitened time series identified the highest
percentage of significant trends (50.96%), reflecting its sensitivity to noise and temporal correlations. The CMK test applied to the raw
data slightly reduced this percentage to 47.54%, indicating a modest improvement in trend detection by including spatial context. Pre-
whitening further decreased the detected trends, with the MK and CMK tests showing 44.59% and 43.08%, respectively. The True
Significant Trends (TST) method, which integrates pre-whitening, the CMK test, and the adaptive FDR correction, identified the lowest
percentage of significant trends (38.16%). This reduction highlights the TST method’s greater robustness, as it filters out less reliable
trends and thus provides a more stringent and accurate assessment of significant vegetation trends.
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Applying the MK test alone, without pre-whitening, can lead to overestimating significant trends (Hamed and Ramachandra Rao,
1998). This initial approach, which is commonly used, may result in a higher incidence of false positives because it fails to account for
both temporal and spatial dependencies within the data. The modest reduction in detected trends when using the CMK test without
pre-whitening suggests that incorporating spatial context helps to filter out some spurious trends by considering the influence of
neighbouring data points (Neeti and Ronald Eastman, 2014). However, it does not fully address the issues related to serial correlation.

Integrating pre-whitening, spatial adjustments, and the adaptive FDR correction, the TST workflow identifies the most reliable
trends. Pre-whitening ensures that trends are not artefacts of serial correlation, accounts for spatial correlation while addressing cross-
correlation, and the adaptive FDR correction reduces the probability of false discoveries across multiple tests. In comparison, in the
most closely related study to our research, Cortés et al. (2021) made a valuable contribution by addressing serial correlation and
multiple testing using permutation methods for trend analysis. Still, their approach did not account for spatial and cross-correlation in
trend testing.

Findings from the TST workflow (Fig. 2) provide robust quantitative evidence of widespread global greening, with a significant
portion of Earth’s terrestrial land surface showing measurable increases in vegetation cover over the past four decades. The pre-
dominance of greening trends, especially in regions with NDVI values above 0.15, suggests a general increase in vegetation produc-
tivity in many areas. This could be attributed to CO- fertilisation, climate change, and land use changes, as indicated by other
investigations (Chen et al., 2024; Piao et al., 2019; Zhu et al., 2016). Although vegetation greening has been reported on all continents,
it is particularly pronounced in Eurasia, including regions of Europe and China (Chen et al., 2019a). In contrast, although less frequent,
browning trends indicate that certain areas, especially arid ecoregions, are experiencing vegetation degradation (Pan et al., 2018).

4. Conclusions

Applying a new proposed workflow methodology (True Significant Trends, TST) we reveal a striking global greening trend, with a
significant portion of the Earth’s terrestrial land surface showing increases in vegetation cover over the past four decades, particularly
in Eurasia. Each stage of the TST workflow—incorporating pre-whitening, spatial and cross-correlation, and the adaptive FDR cor-
rection—progressively enhances the accuracy of detecting significant trends. The new TST methodology suggests that conventional
methods used so far may overestimate areas with significant NDVI trends due to their limited ability to control for spurious findings. By
effectively filtering out spurious results at each stage, the TST workflow provides a more reliable understanding of spatiotemporal
trends. We recommend applying this approach across different scales and in any trend analysis involving spatiotemporal data to
improve the precision and robustness of findings.
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Fig. 2. Significant Global AVHRR NDVI Trends (1982-2023) After Applying True Significant Trends Analysis.
Note: This map exclusively highlights significant interannual NDVI trends derived from the median annual values of weekly AVHRR NDVI data

spanning 1982 to 2023. Before trend detection using the CMK test, a pre-whitening process was applied to mitigate the effects of serial autocor-
relation. Trends were identified at an alpha level of 0.05, with p-values adjusted using the 2006 adaptive False Discovery Rate (FDR) method to
account for multiple testing. The magnitude and direction of these trends were quantified using the Theil-Sen (TS) estimator.
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Fig. 3. Progressive Filtering of Identified Significant Global AVHRR NDVI Trends (1982-2023) by Analysis Methods.

Note: This graph depicts the percentage of significant NDVI trends identified through various trend analysis methods. The x-axis shows the per-
centage of significant trends, while the y-axis lists the methods used. “MK (No Pre-whitening)" refers to the Mann-Kendall test applied to the raw,
non-pre-whitened time series. “CMK (No Pre-whitening)" denotes the CMK test applied to the raw data. “MK (With Pre-whitening)" indicates the
Mann-Kendall test applied after pre-whitening. “CMK (With Pre-whitening)" involves the CMK test applied to the pre-whitened time series. Finally,
“TST” stands for True Significant Trends, which integrates Pre-whitening, the CMK test, and the adaptive FDR correction to improve the robustness
of trend detection. The gradient of blue shades reflects the robustness of each method, with darker shades indicating higher robustness.
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