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Supplementary Text
Cross-sensor consistency between MODIS and Sentinel-2
For the random sample of up to 1,000 MODIS green pixels per growing season with valid Sentinel-2 coverage, the mean Sentinel-2 vegetated fraction was approximately 25% (Fig. S15). MODIS-detected green pixels therefore correspond to substantial sub-pixel vegetation cover, even after the spatial-resolution gap between the two sensors is taken into account. Under the permanent-rock, elevation, and latitude masks adopted in earlier Sentinel-2 studies, the MODIS green area for 2020 was 174 km² (Fig. S16), corresponding to approximately 44.3 km² of vegetated surface, essentially identical to the 44.2 km² reported from Sentinel-2 over the same study domain (8). When comparable spatial constraints are applied, MODIS and Sentinel-2 estimates of Antarctic vegetated area agree closely.
Walshaw et al. (2024) used Sentinel-2 data at a finer 10-meter resolution to identify 44 km² of vegetated area, excluding aquatic greenness such as algae (8). While the high spatial resolution of Sentinel-2 provides detailed local insights, its longer revisit cycle and limited temporal coverage make it less suitable for capturing the dynamic phenology of Antarctic greenness. We acknowledge that the MODIS data, with its 500-meter resolution, may overestimate the exact areas of greenness in regions containing mixed pixels, while potentially missing or underestimating green area in regions with sparse vegetation cover (18). As a result, our estimates of green area derived from satellite spectral signal should not be interpreted as precise measurements of vegetated area, but rather as indicators of the spatial distribution of photosynthetically active organisms above a certain threshold. Therefore, the green area is well suited for large scale analyses; local-scale interpretations should be made with caution.
Although this cross-resolution comparison provides an empirical bridge between MODIS detections and sub-pixel green area, the Sentinel-2-derived green fraction likely remains a conservative estimate because even low cloud contamination can mask vegetation, and because fast-responding or ephemeral taxa, such as mobile algae on lake margins or moisture-responsive lichens, may green and senesce between Sentinel-2 overpasses.

Stability of MODIS observation conditions
MOD08 and MYD08 cloud-fraction products show no long-term decline in cloudiness and no increase in land-observation frequency over Antarctica during 2003-2023 (Fig. S17). If anything, cloudiness slightly increases in recent years, which would bias against greenness detection. The observed long-term expansion of green area therefore cannot be attributed to improved atmospheric clarity or higher observation frequency, and the trends reported in the main text reflect changes in surface greenness rather than changes in observing conditions.

Physical detectability of sub-pixel green area
DART simulations show that under Antarctic substrate conditions, exceeding the MCD43A4 NDVI > 0.2 threshold requires approximately 23-27% sub-pixel cover for moss or green algae, and approximately 49% for lichen over rock; under partial snow or ice cover, an even higher minimum vegetation fraction is required (Fig. S20; Data S2). These simulations demonstrate that sub-pixel vegetation can produce detectable greenness signal under the tested conditions. Additional simulations show that MCD43A4 reflectance is largely insensitive to slope, topographic shading, and solar viewing geometry across the conditions tested (Fig. S21; Data S3), so elevated NDVI in our maps cannot be explained by terrain effects alone.

Robustness of long-term trends
The continental green-area trend (Fig. S11) remains significantly positive across all 14 thresholds. The mean greenness-duration trend computed by the first-and-last-day method also remains significantly positive across all thresholds, with positive Sen’s slopes across all thresholds (Fig. S12). For the alternative daily-count duration metric, the trend is significant for T ≤ 7 days and remains positive at longer thresholds without reaching formal Mann-Kendall significance, which reflects the metric's inherent down-weighting of long-duration pixels rather than a disappearance of the underlying expansion. These results confirm that the trends reported in the main text are not artefacts of single-day NDVI exceedance or of any specific duration-counting choice.
This duration metric is particularly suited for pixels with continuous photosynthetic activity over the season, such as mosses and lichens. However, it may overestimate activity for ephemeral taxa like snow algae, which can bloom briefly and multiple times within a single season.
Our analysis demonstrates that, although the absolute values of green area and greenness duration vary with the NDVI threshold, the direction and statistical significance of the trends remain consistent. This confirms the robustness of our findings, with both the expansion of green area and the extension of mean greenness duration observed across all tested thresholds.
The continental green-area and mean greenness-duration trends remain significantly positive after excluding anomalous years identified by ±2σ filtering (which removes 2002 and 2016) and under the full ±3σ configuration in which no years are removed (Figs. S2 and S5). Neither trend is therefore driven by a small number of extreme years. We additionally tested duration-trend robustness using an alternative area-weighted metric based on a daily count of pixels with NDVI > 0.2, rather than the first-and-last threshold-exceedance-day metric used in the main text. The daily-count metric yields a similarly significant increase (Fig. S24), supporting a consistent direction of change across the tested duration definitions and thresholds.

Interpretation of modeled greenness trends
Shapley value analysis partitions the trend predicted by the two-step random forest pipeline, which captures approximately 66% of the observed continental green-area trend (modeled Sen's slope ~ 53.6 km² yr⁻¹ vs. observed 81.0 km² yr⁻¹). The Shapley shares reported in the main text therefore quantify how the modeled trend is divided among climate variables. To translate these shares into the corresponding contribution to the observed trend, we additionally rescaled each share by the modeled-to-observed ratio at the continental and regional scales, giving a fraction of the observed trend attributable to each variable. This second framing provides a conservative lower bound on the contribution of each climate variable to the observed greening, because the residual gap between the modeled and observed trends represents variability that the random forest does not capture and that we therefore do not attribute to any specific climate variable in this analysis.
[bookmark: Figures]Several caveats apply to the climate-attribution results reported in the main text. First, the Shapley shares partition the trend predicted by the random forest pipeline, which captures most but not all of the observed continental green-area trend; the residual gap represents variability that the random forest does not explain and that we therefore do not attribute to any specific climate variable. Second, the per-pixel mean-centered detrending assumes that each climate variable has a linear long-term trend; non-linear or threshold responses in either the climate variables themselves or in their effect on greenness are absorbed into the residual component rather than the detrended counterfactual. Third, the Shapley value is symmetric across players, so when two predictors are strongly correlated (for example, soil moisture and precipitation), Shapley redistributes their joint contribution between them in a way that satisfies the efficiency property but does not identify which variable is mechanistically primary. Fourth, the attribution is to climate variables as represented in the ERA5 reanalysis at the 0.1° resolution used here; sub-grid heterogeneity, for example in melt-water availability at the patch scale, is not resolved. Finally, the attribution does not explicitly include biological lag effects such as delayed colonization or recovery, so a variable's Shapley share reflects only its concurrent statistical association with greenness in the random forest and may underestimate the role of variables whose ecological effects develop over multi-year timescales. 
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Fig. S1.
Annual Greenness Distribution Across Antarctica (2002–2023). Each panel shows the spatial distribution of greenness during the observability window, labeled by its starting year. Each hexagon represents the total area (km²) where the maximum normalized difference vegetation index (NDVI) exceeded 0.2. Darker green indicates greater green area per hexagon. The year labels refer to the first year of each observability window, which would extend into the following calendar year.


[image: ]
Fig. S2.
The Trend of Greenness Area After Removing Statistical Outliers. Panels A and B show the trend in the area of Moderate Resolution Imaging Spectroradiometer (MODIS) pixels with normalized difference vegetation index (NDVI) larger than 0.2 under different standard-deviation (σ) thresholds: 3σ (no outlier removal) and 2σ (removed 2002 and 2016), respectively. In both cases, the positive greenness trend remains significant (MK test p-value and linear-regression slope shown in each panel). Shaded areas indicate the 95% confidence intervals of the fitted linear trends.
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Fig. S3.
Sensitivity of Greenness Dynamics of Antarctic Hotspot Region to Normalized Difference Vegetation Index (NDVI) Threshold Selection. The four bar plots show how the inferred areas of Stable (blue), New (green), and Disappeared (orange) greenness vary across NDVI thresholds ranging from 0.10 to 0.30 across different regions. Results are reported for the whole Antarctica (a), Peninsula (b), Transantarctic Mountains (c), and East Coastline (d), and the regional boundaries aligned with those used in Figure 2. Greenness dynamics were derived by comparing vegetation presence between the first five observability windows (2002–2006) and the last five (2019–2023), whose pipeline is also aligned with Figure 2.
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Fig. S4.
Annual Greenness Duration Across Antarctica (2002–2023). Each panel shows the spatial distribution of greenness duration during the observability window for each year from 2002 to 2023. Greenness duration is calculated as the average number of days that the normalized difference vegetation index (NDVI) exceeded 0.2 within each hexagon during the corresponding observability window. The color scale represents the magnitude of greenness duration, with darker green indicating longer periods of sustained greenness. The year labels refer to the first year of each observability window, which would extend into the following calendar year.
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Fig. S5.
The Trend of Mean Greenness Duration After Removing Statistical Outliers. Panels (a) and (b) show the trend in the area weighted mean greenness duration of Moderate Resolution Imaging Spectroradiometer (MODIS) pixels with normalized difference vegetation index (NDVI) larger than 0.2 under different standard-deviation (σ) thresholds: 3σ (no outlier removal) and 2σ (removed 2002 and 2016), respectively. In both cases, the positive greenness duration trend remains significant (Mann–Kendall test p-value and linear-regression slope shown in each panel). Shaded areas indicate the 95% confidence intervals of the fitted linear trends.
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Fig. S6.
Random Forest Model Performance for Predicting Antarctic Greenness Area Ratio. The figure represents the predicted versus actual green area fraction, defined as the proportion of green area within each 0.1° grid cell, based on aggregated 500 m observations (see “Machine Learning Modeling and Analysis” section). Each hexagon represents the logarithmically scaled point density, and the red dashed line denotes the 1:1 reference line. Model performance was evaluated using 5-fold spatiotemporal cross-validation, and the plot includes predictions from all test folds. The reported coefficient of determination (R²) and root mean squared error (RMSE) represent the mean values across the five folds. All data points represent annual observations from 2002 to 2023 across the Antarctic continent. For the continent-wide model, the standard deviation of R² across folds is 0.014, and the standard deviation of RMSE is smaller than 0.0001.
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Fig. S7.
Random Forest Model Performance for Predicting Antarctic Greenness Area Ratio Across Antarctic Regions. Panels A, B, and C represent the predicted versus actual greenness area ratio by random forest trained on three regions, which is defined as the proportion of vegetated area within each 0.1° grid cell, based on aggregated 500 m satellite observations (see “Explainable Machine Learning Analysis” section). Each hexagon represents the logarithmically scaled point density. All three panels share the same color bar, and the red dashed line indicates the 1:1 reference line. Model performance was evaluated using 5-fold spatiotemporal cross-validation, and the plots include predictions from all test folds. Reported coefficients of determination (R²) and root mean squared errors (RMSE) are the average values across the five test folds, reflecting model performance in each Antarctic region. All data points represent annual observations from 2002 to 2023 across the Antarctic region. For West Antarctica, East Antarctica, and the Antarctic Peninsula, the standard deviations of R² are 0.059, 0.031, and 0.073 for the 5 models, respectively, while the standard deviations of RMSE for all three regions are 0.0001 for the 5 models for three regions.
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Fig. S8.
Cross-scale comparison of UAV-derived moss extent and MODIS pixel footprints at three Windmill Islands sites, East Antarctica. (A) to (C) UAV NDVI maps showing detected moss extent (green; UAV Normalized Difference Vegetation Index (NDVI) > 0.2) and non-moss background (tan; UAV NDVI ≤ 0.2) at (A) ASPA 135 (161 × 115 m survey extent), (B) Red Shed (150 × 137 m), and (C) Robinson Ridge (66 × 162 m). Annotations below each panel give the total moss area within the surveyed extent, the UAV-resolved moss cover fraction of that extent, and the moss area expressed as a fraction of one 500-m MCD43A4 pixel. (D) Total moss area (m²) detected in each UAV survey. (E) Sub-pixel moss fraction at each site, expressed as a percentage of one MODIS pixel. (F) Footprint schematic comparing the three UAV-surveyed areas to a single MODIS pixel (white rectangle). Annotated percentages give the valid UAV-mapped area as a fraction of one MODIS pixel; rectangle dimensions indicate the bounding extents of the UAV maps.
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Fig. S9.
Sensitivity Analysis of Greenness Area Trend Using Different Normalized Difference Vegetation Index (NDVI) Thresholds. This figure shows the total green area from 2002 to 2023, calculated using NDVI thresholds ranging from 0.10 to 0.30 in increments of 0.05. Each data point represents the green area (km²) identified for a given threshold, using the first year of each observability window as the time label. Colored lines indicate fitted linear trends from ordinary least squares regression; shaded bands indicate 95% confidence intervals for linear fits. The legend displays the slope from the linear regression and the p-value from the Mann-Kendall test, assessing the significance of the green area trend for each threshold.
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Fig. S10.
The Sensitive Test of The Trend of Mean Greenness Duration Using Different Normalized Difference Vegetation Index (NDVI) Thresholds. This figure shows the continent-scale mean greenness duration from 2002 to 2023, calculated using NDVI thresholds of 0.1, 0.2, and 0.3 (shown in red, green, and blue, respectively). Each data point represents the area-weighted mean greenness duration for a given threshold, using the first year of each observability window as the time label. Colored lines indicate fitted linear trends from ordinary least squares regression; shaded bands indicate 95% confidence intervals for linear fits. The legend reports the slope from the linear regression and the p-value from the Mann-Kendall test for each threshold.
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Fig. S11.
Robustness of the continental green-area trend to the duration-day threshold. Annual continental green area (km²) under per-pixel duration thresholds ranging from 1 day to 14 days, for the two duration-detection methods used in this study: (A) the first-last day method, in which duration is defined as the number of days between the first and last NDVI-positive observation of the year, and (B) the daily-count method, in which duration is the total number of NDVI-positive observation days. (C) Mann-Kendall p-value for the 22-year trend at each threshold for both methods (log scale; red dashed line, p = 0.05). (D) Sen's slope of the same trends (km² yr⁻¹).
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Fig. S12.
Robustness of the continental mean greenness-duration trend to the duration-day threshold. Annual continental mean greenness duration (days) under per-pixel duration thresholds ranging from 1 day to 14 days, for the two duration-detection methods: (A) the first-last day method and (B) the daily-count method. (C) Mann-Kendall p-value for the 22-year trend at each threshold for both methods (log scale; red dashed line, p = 0.05). (D) Sen's slope of the same trends (days yr⁻¹).
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Fig. S13.
Distribution of Environmental Variables Across Antarctic Regions. Spatial distributions of 13 environmental variables across the Antarctic Peninsula (red), West Antarctica (yellow), and East Antarctica (black). Each panel shows the multi-year distribution (2002-2023) of pixel-level values for a single variable, derived from European Centre for Medium-Range Weather Forecasts Reanalysis v5 data and MODIS-based greenness data. Boxplots summarize the median, interquartile range, and variability within each region, highlighting marked spatial contrasts among thermal, radiation, hydrological, and atmospheric conditions. The final panel provides the color legend used for regional delineation.
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Fig. S14.
Environmental Change Patterns in Areas Exhibiting Antarctic Greenness Signal. (a) Pixel-wise Mann-Kendall trend classification for each environmental variable, computed only over pixels that exhibited a greenness spectral signal (Normalized Difference Vegetation Index (NDVI) exceeding 0.2) at least once during the study period. Bars show the proportion of these pixels with significantly increasing (blue), significantly decreasing (orange), or non-significant (grey) long-term trends (p < 0.05). (b) Time series of downward ultraviolet radiation across pixels once exhibited greenness spectral signal at 0.1 degree. Boxplots represent the spatial distribution for each year; black dots denote the area-weighted mean; and the red line shows the fitted linear trend, with the corresponding slope and Mann–Kendall p-value reported. (c) Same as panel (b), but for volumetric soil water content.
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Fig. S15.
Consistence Between Moderate Resolution Imaging Spectroradiometer (MODIS) and Sentinel-2 Greenness Detection. Mean Sentinel-2 green-coverage fraction within MODIS pixels classified as “green” under different combinations of MODIS’s and Sentinel-2’s Normalized Difference Vegetation Index (NDVI) thresholds. Estimates are based on 1,000 randomly selected MODIS pixels with Sentinel-2 observations.
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Fig. S16.
Moderate Resolution Imaging Spectroradiometer (MODIS) Greenness Area Under Different Spatial Masks. Time series of the area of MODIS pixels with normalized difference vegetation index (NDVI) greater than 0.2 from 2003 to 2023, computed under two spatial masking strategies. The blue line shows greenness area using only the permanent rock mask. The red line shows greenness area after additionally applying (i) a latitude cutoff of 83°S and (ii) a digital elevation model (DEM) constraint of <500 m.
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Fig. S17.
Moderate Resolution Imaging Spectroradiometer (MODIS) Land and Cloud Observation Fraction Over Time. Panels show interannual variation in (a) land-observation fraction and (b) cloud fraction from MODIS Terra (blue) and Aqua (orange) over Antarctica during 2003–2023. Land-observation fractions exhibit no significant long-term trend for either sensor based on Mann–Kendall test (p-value written in the legend). Cloud fraction shows a modest but significant increase (p-value written in the legend).
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Fig. S18.
Synthetic Land Cover Map. Synthetic 500 m × 500 m land-cover mosaic used as input to the Discrete Anisotropic Radiative Transfer (DART) model for simulating Moderate Resolution Imaging Spectroradiometer (MODIS) reflectance. The map consists of randomly generated patches of snow (white), rock (gray), moss (green), algae (cyan), and lichen (yellow-green).
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Fig. S19.
Synthetic Digital Elevation Models (DEMs). Panels shows six synthetic digital elevation models (DEMs) used to explore the influence of terrain on simulated reflectance conditions. Panels (a)–(c) show planar slopes with inclinations of 15°, 30°, and 45°, respectively. Panels (d)–(f) show low-relief, moderate-relief, and high-relief topographic surfaces. All DEMs represent idealized 500 m × 500 m MODIS-scale pixels and were used for Discrete Anisotropic Radiative Transfer (DART) Model Simulations.
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Fig. S20.
Minimum Vegetation Fraction Required to Exceed the Normalized Difference Vegetation Index (NDVI) > 0.2 Threshold Under Different Ice Cover. Panels show the minimum vegetation cover fraction required to produce a Moderate Resolution Imaging Spectroradiometer (MODIS) normalized difference vegetation index (NDVI) greater than 0.2 for mixed vegetation–ice–rock pixels, based on Discrete Anisotropic Radiative Transfer (DART) model simulations. Results are shown for (a) lichen, (b) moss, and (c) algae across increasing ice-cover percentages.
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Fig. S21.
Azimuth Angle Influence on Normalized Difference Vegetation Index (NDVI). Boxplots show the distribution of simulated NDVI for 50% vegetation and 50% rock mixtures under fixed illumination and viewing geometry (Sun zenith = 30°, View zenith = 30°, Slope = 15°) based on Discrete Anisotropic Radiative Transfer (DART) model simulations. Panels represent simulations for (a) moss, (b) algae, and (c) lichen. NDVI variability is evaluated across a full 360° azimuth cycle at 30° intervals (0°–330°), and the corresponding numerical values are summarized in Data S3.
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Fig. S22.
Modeled continental green-area trend under per-variable detrending counterfactuals. Predicted continental green area (km²) from the Step-1 random forest, aggregated to the continental scale, under five counterfactual scenarios: baseline (no detrending; black), detrending of temperature alone (red), UV radiation alone (orange), volumetric soil water alone (blue), UV and volumetric soil water jointly (purple, dashed), and all eight climate variables jointly (green, dotted). Shaded bands show ±1 standard deviation across the five cross-validation random forest folds. The progressive flattening of the trend as additional variables are detrended illustrates how the Shapley value function evaluates the contribution of each variable's long-term trend to the modeled greening signal.
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Fig. S23.
Detrend-based significance of environmental variable combinations explaining Antarctic green area trends. Mann–Kendall trend tests applied to annual continental and regional green area predicted by the five 5-fold cross-validated random forests under 256 detrending counterfactuals, for (A) the whole Antarctic continent, (B) East Antarctica, (C) West Antarctica, and (D) the Antarctic Peninsula. Each scenario sets the long-term linear trend of a specific subset of the eight climate variables to zero (per-pixel mean-centered detrending; see Materials and Methods) while preserving interannual variability and the per-pixel long-term mean. Within each panel, scenarios are ordered along the x-axis by their mean MK p-value (ascending, averaged across five RF folds), so the most strongly significant scenarios sit on the left and the most strongly attenuated scenarios on the right. The upper sub-panel shows the mean MK p-value of each scenario on a logarithmic scale (gray dashed line, p = 0.05). The middle sub-panel is an 8-variable × 256-scenario dot matrix in which a filled dot at (variable, scenario) indicates that that variable was detrended in that scenario. Color encodes the resulting trend significance throughout the panel: dark blue for scenarios in which the predicted green-area trend remains significant after detrending (p < 0.05), and orange for scenarios in which the trend becomes non-significant (p ≥ 0.05). Orange scenarios are the diagnostic ones identify the variable combinations whose long-term trends, jointly removed, are sufficient to eliminate the predicted greening signal and are therefore the likely drivers of that signal. The right-side horizontal bars summarize, for each variable, the percentage of orange (non-significant) scenarios in which that variable was detrended; variables that recur in a high share of orange scenarios are the ones whose long-term trends most consistently contribute to the predicted greening, and the regional ranking is consistent with the Shapley shares reported in Fig. 3. A non-significant greening trend after detrending should be interpreted as evidence that the predicted trend is attributable to the long-term changes in the selected climate variables, not as evidence of an absence of ecological change.


[image: ]Fig. S24.
Trend in Antarctic Mean Greenness Duration Using Daily Count. The figure shows the increasing trend in Antarctic area weighted mean greenness duration from 2002 to 2023, derived from daily counting of pixels with Normalized Difference Vegetation Index (NDVI) larger than 0.2 Blue points represent the area weighted mean duration across all the Antarctica from each observability window. The fitted black line shows the linear regression trend, and the shaded region represents the 95% confidence interval. The Mann–Kendall test indicates a significant upward trend (p < 0.001), with a linear trend of approximately 0.096 days per year.




Data S1. (separate file)
Permutation Importance Values for Random Forest Models Across Regions. See attached file.

Data S2. (separate file)
Simulated Moderate Resolution Imaging Spectroradiometer (MODIS) Normalized Difference Vegetation Index (NDVI) for Ice-free Rock–Vegetation Mixtures Across Different Vegetation Cover Fractions. See attached file.

Data S3. (separate file)
Simulated Moderate Resolution Imaging Spectroradiometer (MODIS) Normalized Difference Vegetation Index (NDVI) Under Different Topography, Illumination, and Viewing Geometries. See attached file. 

Data S4. (separate file)
Long-term trends of environmental variables across Antarctica. Sen's slope and Mann–Kendall p-value for each variable, computed separately for the continental aggregate, East Antarctica, West Antarctica, and the Antarctic Peninsula. See attached file.
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