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Figure S1. Spatial locations of compliant sites from AmeriFlux. 9 

A total of 74 sites were included in the study based on the selected criteria. Different colors 10 

represent different PFTs, and the size of the circles is proportional to the number of local sites to 11 

avoid overlap. 12 
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Figure S2. Representative empirical age-height relationship mapping within a selected 0.1° 14 

grid cell. Light blue points represent raw pixel-level observations (0.001° resolution) pairing 15 

GAMI forest stand age with the baseline canopy height. The solid red line denotes the calculated 16 

mean canopy height for each specific age, serving as the localized lookup table for dynamic height 17 

reconstruction. The red shaded region illustrates the ±1 standard deviation, demonstrating the 18 

distribution and uncertainty of the observational data. 19 
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Fig. S3. Monte Carlo uncertainty propagation for the gridded Ω product. 21 

a, Workflow of the Monte Carlo uncertainty propagation. Source-informed perturbations were 22 

applied to the gridded input drivers, Ωphys was recomputed for each realization, and perturbed 23 

predictors were propagated through the PIML residual models. Pixel-level uncertainty was defined 24 

as the p95-p05 range of the resulting Monte Carlo Ω realizations. b, One-standard-deviation 25 

perturbation magnitudes assigned to the input drivers and physical parameters used in the 26 

uncertainty propagation. c, Example distributions of 100 Monte Carlo Ω realizations for 27 

representative low-, median-, and high-uncertainty pixels. Shaded intervals indicate the p05-p95 28 

range. A wide distribution means the predicted Ω is more sensitive to input uncertainty. d, 29 

Convergence of Ωunc with increasing Monte Carlo sample size, expressed relative to the 100-30 

realization estimate. The solid line shows the median across diagnostic pixels, shading indicates 31 

the interquartile range, and the dashed line shows the mean. 32 
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Figure S4. Patterns of Ω at site level in CONUS.  34 

(a-e), The mean Ω values of different sites from the start year to the end year. Different colors 35 

correspond to PFTs. (f), The average values of different sites for different biomes. Different letters 36 

above the bars indicate significant differences among PFTs at the site level according to Tukey’s 37 

test (p < 0.05). 38 

39 



Figure S5. Site-level validation skill ranked across flux-tower sites. 40 

Sites are ordered from highest to lowest site-level R2 under site-blocked cross-validation. Bars 41 

represent individual sites and are colored by PFT. Site labels are abbreviated by removing the “US-” 42 

prefix. 43 
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Figure S6. PFT-specific validation performance of the physical prior, Direct ML, and PIML. 45 

a, Out-of-fold R² for the calibrated physical prior, Direct ML, and PIML models across PFTs. b, 46 

Corresponding out-of-fold RMSE. Bars summarize the PFT-specific validation results from the 47 

site-blocked cross-validation outputs, with colors denoting modelling frameworks. 48 
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Figure S7. Site-level comparison between observed mean Ω and matched gridded product 50 

mean Ω. 51 

a, Site mean observed Ω versus matched gridded annual mean Ω. Point size indicates the number 52 

of paired site-product years, and colors denote plant functional types. The 1:1 line is shown in black. 53 

b, Distribution of product bias, calculated as gridded minus observed site mean Ω, by PFT. c, Site-54 

level annual Ω trend versus matched gridded annual Ω trend for long-record sites with at least 15 55 

paired years. Trends are expressed as Ω decade−1. d, Sensitivity of site-product trend correlation to 56 

the minimum number of paired years required for inclusion. Labels indicate the number of sites 57 

retained at each threshold. 58 
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Figure S8. Continent full 8-day Ω time series by PFT-specific product. 60 

a-h, PFT-specific Ω dynamics from 1982 to 2020 are shown at the native 8-day temporal resolution 61 

of the gridded product. Solid lines indicate the PFT-level mean Ω for each 8-day period, calculated 62 

from all valid target grid cells within the corresponding PFT. Shaded bands indicate the 63 

interquartile range across valid grid cells for each PFT and 8-day period. Colors are consistent with 64 

the PFT colors used throughout the manuscript. 65 
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Figure S9. Continent PFT-specific annual mean Ω time series. 67 

Annual mean Ω from 1982 to 2020 is shown separately for each PFT. Each panel represents one 68 

PFT, allowing temporal changes to be evaluated without pooling all grid cells across vegetation 69 

types. Reported slopes indicate linear trends in Ω per decade. 70 

 71 



Figure S10. Spatial, seasonal, and interannual patterns of Monte Carlo uncertainty.  72 

a, Mean Monte Carlo uncertainty of Ω across the CONUS product domain. b, Distribution of mean 73 

Monte Carlo uncertainty by PFT. c, Seasonal variation in mean uncertainty across 8-day periods. 74 

d, Interannual variation in mean uncertainty from 1982 to 2020. 75 
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Figure S11. Annual quality-control composition and PFT-specific valid fraction. 77 

(a) Annual percentage of target grid cells assigned to the four quality-control classes. For each year, 78 

quality-control classes were calculated from the 8-day QA layers of the current PIML product. 79 

“Low issue” indicates target grid cells with missing rate < 0.30 and pre-clipping outside-rate < 0.01; 80 

“Missing-prone” indicates missing rate ≥ 0.30; “Clipped-prone” indicates pre-clipping outside-rate 81 

≥ 0.01; and “Mixed” indicates grid cells satisfying both missing-prone and clipped-prone criteria. 82 

(b) Annual valid fraction by PFT, calculated as the fraction of valid Ω estimates among all target 83 

PFT grid cells and 8-day periods within each year.  84 
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Figure S12. Sensitivity of the gridded Ω product to masking low-LAI periods. 86 

Sensitivity analysis comparing the original PIML Ω product with a version in which grid-cell 8-87 

day periods with missing LAI or LAI ≤ 0.1 were masked. (a) Annual mean Ω before and after LAI 88 

masking. (b) Annual fraction of valid Ω estimates removed by the LAI mask. (c) Mean PFT-level 89 

change in Ω after LAI masking, calculated as LAI-masked minus original Ω. (d) Change in PFT-90 

level linear trend after LAI masking, expressed as Ω decade⁻¹. The small differences indicate that 91 

the main product-level conclusions were insensitive to low-LAI masking. 92 
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Table S1. Summary of site information. 94 

Site ID PFT Lat Lon MAP MAT 
Valid 

years 

Valid 8-day 

samples 
Reference 

US-ARM CRO 36.6 -97.5 843 14.8 21 665 82 

US-Bo1 CRO 40 -88.3 991.3 11 7 200 83 

US-IB1 CRO 41.9 -88.2 929.2 9.2 12 340 84 

US-KL1 CRO 42.5 -85.4 1027 9.9 13 303 85 

US-KM1 CRO 42.4 -85.3 1027 9.9 13 321 86 

US-Mo1 CRO 39.2 -92.1 981 12 10 305 87 

US-Ne1 CRO 41.2 -96.5 790.4 10.1 22 168 88 

US-Ne2 CRO 41.2 -96.5 788.9 10.1 13 158 89 

US-Ne3 CRO 41.2 -96.4 783.7 10.1 11 105 90 

US-Ro1 CRO 44.7 -93.1 879 6.4 3 104 91 

US-UiA CRO 40.1 -88.2 1051 10.9 6 138 92 

US-UiB CRO 40.1 -88.2 1051 10.9 11 118 93 

US-UiC CRO 40.1 -88.2 1051 10.9 14 377 94 

US-Bar DBF 44.1 -71.3 1245.8 5.6 20 319 95 

US-CMW DBF 31.7 -110.2 288 17 21 534 96 

US-ChR DBF 35.9 -84.3 1358.8 13.9 13 418 97 

US-MMS DBF 39.3 -86.4 1032 10.8 9 152 98 

US-MOz DBF 38.7 -92.2 986 12.1 17 364 99 

US-Oho DBF 41.6 -83.8 849 10.1 10 166 100 

US-Slt DBF 39.9 -74.6 1138 11 6 118 101 

US-UMB DBF 45.6 -84.7 803 5.8 14 225 102 

US-UMd DBF 45.6 -84.7 803 5.8 15 268 103 

US-WBW DBF 36 -84.3 1372 13.7 8 147 104 

US-WCr DBF 45.8 -90.1 787 4 20 277 105 

US-GLE ENF 41.4 -106.2 1200 0.8 15 289 106 

US-Ha2 ENF 42.5 -72.2 1071 6.6 6 124 107 

US-Ho1 ENF 45.2 -68.7 1070 5.3 3 107 108 

US-Ho2 ENF 45.2 -68.7 1064 5.1 3 110 109 

US-Me2 ENF 44.5 -121.6 523 6.3 21 768 110 

US-Me6 ENF 44.3 -121.6 494 7.6 13 461 111 

US-MtB ENF 32.4 -110.7 790 9.3 15 566 112 

US-NC2 ENF 35.8 -76.7 1320 16.6 19 601 113 

US-NR1 ENF 40 -105.5 800 1.5 23 496 114 

US-SP1 ENF 29.7 -82.2 1309.8 20.1 7 214 115 

US-Wrc ENF 45.8 -122 2452 8.8 15 479 116 

US-Aud GRA 31.6 -110.5 438.4 14.8 7 186 117 

US-IB2 GRA 41.8 -88.2 930.2 9 14 142 118 

US-KFS GRA 39.1 -95.2 1014 12 9 234 119 



US-KL2 GRA 42.5 -85.4 1027 9.9 13 561 120 

US-KL3 GRA 42.5 -85.4 1027 9.9 13 533 121 

US-KM2 GRA 42.4 -85.3 1027 9.9 13 537 122 

US-KM3 GRA 42.4 -85.3 1027 9.9 13 518 123 

US-KM4 GRA 42.4 -85.3 1027 9.9 12 148 124 

US-Kon GRA 39.1 -96.6 867 12.8 12 357 125 

US-NR3 GRA 40.1 -105.6 884 -2.2 6 220 126 

US-NR4 GRA 40.1 -105.6 884 -2.2 3 105 127 

US-Ro4 GRA 44.7 -93.1 879 6.4 8 184 128 

US-SCg GRA 33.7 -117.7   9 269 129 

US-SRG GRA 31.8 -110.8 420 17 16 565 130 

US-UiD GRA 40.1 -88.2 1051 10.9 7 126 131 

US-Wkg GRA 31.7 -109.9 407 15.6 21 647 132 

US-Jo1 OSH 32.6 -106.6 245.1 14.7 13 394 133 

US-Jo2 OSH 32.6 -106.6 282.3 17.5 11 389 134 

US-Rws OSH 43.2 -116.7 290 8.9 9 364 135 

US-SCs OSH 33.7 -117.7   10 274 136 

US-SCw OSH 33.6 -116.5   10 313 137 

US-SRC OSH 31.9 -110.8 330 22 7 211 138 

US-Whs OSH 31.7 -110.1 320 17.6 19 846 139 

US-xJR OSH 32.6 -106.8 271.3 15.7 8 229 140 

US-xMB OSH 38.2 -109.4 319.5 10.1 7 237 141 

US-xNQ OSH 40.2 -112.5 288.3 9 6 205 142 

US-xSR OSH 31.9 -110.8 346 19.3 7 247 143 

US-LL1 SAV 31.3 -84.5 1310 20 12 520 144 

US-LL2 SAV 31.2 -84.4 1310 20 9 397 145 

US-LL3 SAV 31.3 -84.5 1310 20 9 394 146 

US-LS2 SAV 31.6 -110.1 288 17 5 190 147 

US-xSJ SAV 37.1 -119.7 539.6 16.4 6 227 148 

US-CdM WSA 37.5 -109.7 348 11.3 7 174 149 

US-SRM WSA 31.8 -110.9 380 17.9 22 986 150 

US-SRS WSA 31.8 -110.9 388 19.4 8 266 151 

US-Ton WSA 38.4 -121 559 15.8 25 1065 152 

US-SCf MF 33.8 -116.8   5 144 153 

US-xDL MF 32.5 -87.8 1372 17.6 8 274 154 

US-xUN MF 46.2 -89.5 802.3 4.3 8 242 155 
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Table S2. Crosswalk between the ESA CCI land-cover classes and the plant functional types 96 

used in this study. 97 

PFT  IGBP 
ESA CCI 

class codes 
Corresponding ESA CCI land-cover classes 

CRO Croplands 
10, 11, 12, 

20, 30 

Rainfed cropland; herbaceous cropland; tree or 

shrub cropland; irrigated or post-flooding 

cropland; cropland-dominated mosaic 

GRA Grasslands 130 Grassland 

ENF 

Evergreen 

needleleaf 

forests 

70, 71, 72 
Evergreen needleleaf tree cover, including closed 

and open classes 

DBF 
Deciduous 

broadleaf forests 
60, 61, 62 

Deciduous broadleaf tree cover, including closed 

and open classes 

WSA Woody savannas 100, 151 
Tree- and shrub-dominated mosaic; sparse tree 

cover 

OSH Open shrublands 
120, 121, 

122 

Shrubland, evergreen shrubland, and deciduous 

shrubland 

SAV Savannas 
110, 150, 

153 

Herbaceous-dominated mosaic with trees or 

shrubs; sparse vegetation; sparse herbaceous cover 

MF Mixed forests 90 Mixed broadleaf and needleleaf tree cover 

98 



Table S3. Summary of site, satellite, and reanalysis datasets, and auxiliary validation datasets. 99 

Variable Dataset Period Original 

resolution 

Final resolution Role 

Rg, Tdew, Ta, 

WS, Pr and 

SWC 

ERA5-Land 1982–2020 0.1°, daily 0.1°, 8-day Predictor/Ωphy 

ET GLEAM 1982–2020 0.1°, daily 0.1°, 8-day Predictor 

ET GLASS 1982–2020 0.05°, 8-day 0.1°, 8-day Predictor 

Land Cover ESA_CCI 1992–2020 300m, annual 0.1°, annual PFT mask 

LAI GIMMS LAI4g 1982–2020 Half-monthly 0.1°, 8-day Predictor 

Tree height Dataset from 

Potapov et al., 

2021 

2019 30m – Ωphy 

Tree age GAMI v2 2020 100m – Ωphy 

CO2 NOAA 1982–2020 daily 8-day Predictor 

100 
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