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6 Supplement702

6.1 Prior Information703

First, plant species with valid, relevant trait data were manually classified into PFTs704

based on their genus, subject to a combination of expert knowledge, database searches705

(e.g., BudBurst.org, Kew’s Plants of the World Online, WorldFloraOnline.org), photographs,706

and descriptions. For example, genera where most species were described as “shrubby”707

or “dwarf trees” where classified as “Shrub,” to be utilized as prior information for both708

Open and Closed Shrublands (OSH and CSH). Similarly, a woody “Broadleaf” class, based709

on photographs and descriptions of the genus, was used to inform priors for both Ev-710

ergreen Broadleaf and Deciduous Broadleaf classes, unless the genus was predominantly711

described as evergreen or deciduous. Graminoids and sedges were both classified into Grass-712

lands (GRS). Genera that were too diverse (“cosmopolitan”) were not classified and in-713

stead used only as a prior for PFTs that were not already represented by species with714

valid trait data. This includes Savannas (SAV) and Woody Savannas, which both refer715

to a potentially broad set of plant types (Bridgewater et al., 2002) that may also be found716

in other, more specific PFTs. The Mixed Forest (MF) prior for a given trait included trait717

data from species for any forest type. Species grouped into Cropland (CRO) were based718

on those that feature in the United Nation’s Food and Agriculture Programme (FAO)719

2010 agricultural census (FAO, 2010). After classification into PFTs, traits were aggre-720

gated by species, taking the median value.721

A mapping of TRY database traits to MOD17 parameters is presented in Table 6.722

While some of the traits are directly represented in MOD17, others were used in com-723

bination to derive a given parameter. For example, the froot_mr_base, the RM rate of724

fine roots per unit C, could be the ratio of two traits: “fine root respiration per fine root725

dry mass” to “fine root carbon (C) content per fine root dry mass.” For leaf_mr_base,726

there is no measurement of RM available but there are measurements of dark respira-727

tion. These were used along with the median value of “leaf respiration in light per leaf728

respiration rate in the dark” (45% with only 16 species available) in order to derive the729

leaf respiration rate in light (per unit C).730

Table 6: List of traits from the TRY database and the MOD17 parameters they
inform.

Trait from TRY Database MOD17 Parameters Informed
Root respiration temperature dependence Q10_froot
Stem respiration temperature dependence Q10_stem
Fine root carbon (C) content per fine root dry mass froot_leaf_ratio,

froot_mr_base
Stem carbon (C) content per stem dry mass livewood_mr_base
Leaf carbon (C) content per fine root dry mass froot_leaf_ratio, leaf_mr_base
Leaf carbon (C) content per leaf area SLA
Fine root respiration per fine root dry mass froot_mr_base
Stem respiration rate per stem dry mass livewood_mr_base
Leaf respiration rate in the dark per leaf dry mass leaf_mr_base
Leaf respiration rate in light per [same] in the dark leaf_mr_base

For some traits, there were too few species available to generate priors specific to731

each PFT. In such cases, all plant species were used to derive a single prior for all PFTs.732

Maximum likelihood estimation (MLE) was used to fit either Normal or Log-Normal dis-733

tributions to traits, depending on whether the trait distribution was highly positively734

skewed, which was often. Table S7 lists the MOD17 free parameters and the priors that735
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were used for model calibration. For εmax, lacking relevant trait data from TRY, the mean736

and standard deviation of the “optimum” LUE from a global analysis by Madani et al.737

(2017) is used, instead.738

By definition, livewood mass and respiration are zero in herbaceous plants (GRS739

and CRO), so these are set to a constant value of zero during calibration of those PFTs.740

Despite the effort to develop an informative prior for froot_leaf_ratio, there is lit-741

tle prior information on the partitioning of C allocation between fine roots and leaves742

for each PFT. TRY and the Fine-Root Ecology Database (FRED, Iversen et al., 2017)743

contain few species with this trait recorded and disagree about the relative magnitudes.744

For example, the mean fine root-leaf C ratio for ENF canopy is about 0.04 based on TRY745

but 1.33 according to FRED, perhaps due to obscured differences in units or sampling746

methodology. Using TRY, there are only 14 species in the TRY database for which all747

the necessary traits were recorded, and after removing the dry-mass normalization of fine-748

root and leaf C content, all ratios were very close to 1.0. There are also very few species749

in TRY with prior information on the livewood-leaf ratio. Given this uncertainty, and750

because we discovered that livewood_leaf_ratio is the least-sensitive parameter, we751

decided to fix both livewood_leaf_ratio and froot_leaf_ratio at their Collection752

6.1 (C61) values, which were informed from a review by M. A. White et al. (2000).753

Prior Q10 values for stem respiration in TRY are quite narrow, with a mean of 1.84,754

which also agrees very well with prior studies (Ryan et al., 1995; Damesin et al., 2002;755

Bolstad et al., 2004), and is slightly higher for ENF canopy. In TRY, the fine-root tem-756

perature dependence (Table S6) was recorded for only one species, so we referred to the757

literature instead. We adopted the cross-ecosystem Q10 value of 1.6 reported by Burton758

et al. (2008), which is consistent with the range reported by Atkin et al. (2000), though759

lower than measurements by Desrochers et al. (2002). With a Normal(1.6, 1.6) prior, the760

80th percentile is approximately 3.0, which is consistent with the upper limit for the Q10761

of fine root respiration reported by Bahn et al. (2006); it is also wide enough to reflect762

our uncertainty. Both the livewood (stem) and fine root respiration Q10 priors have means763

close to the C61 value, which is 2.0 for all PFTs.764

The base RM rates leaf_mr_base, froot_mr_base, and livewood_mr_base in C61765

agree well with observations from the TRY database. However, TRY observations in-766

dicate that these rates should be higher for all PFTs. The middle 80% of the observed767

leaf RM distribution is bounded by [0.005, 0.032] (kg C [kg C]−1 day−1), compared to768

the full range of [0.005, 0.010] in C61. For fine-root RM , only 23 species are available769

in TRY, but the middle 80% of [0.006, 0.060] (kg C [kg C]−1 day−1) does include the770

two rates used in C61: 0.00819 for CRO and GRS and 0.00519 for all others. Similarly,771

though livewood RM is represented by only 20 species in TRY, the middle 80% of [0.001,772

0.042] (kg C [kg C]−1 day−1) does include C61’s range of [0.0010, 0.0044]; the mean live-773

wood RM from TRY, 0.005 kg C [kg C]−1 day−1, is quite close. These estimates are in774

the middle of a wide range of reported stem respiration rates for forests (Ryan et al., 1995;775

Lavigne et al., 1996; Stockfors & Linder, 1998; Damesin et al., 2002; Zha et al., 2004;776

Bolstad et al., 2004).777

SLA in MOD17 is defined as LAI per unit mass of leaf C, which is different from778

TRY and most field studies, where the numerator would be individual leaf area (m2) and779

the denominator would be leaf dry mass. There are multiple TRY traits that could be780

used to derive SLA, which differ in whether the petiole, rhachis, or midrib are excluded781

from plant measurements (or whether this is known). When we compare all other “SLA”782

fields in dry-mass terms (inverse of leaf mass per area, or LMA) or in carbon terms (“Leaf783

carbon (C) content per leaf area” in TRY, which is the inverse of SLA as defined in MOD17),784

we find that carbon terms generally agree better with the C61 BPLUT (Table S8), which785

is based in part on a review by R. White and Engelen (2000). The relative magnitudes786

of SLA in carbon terms are also consistent with the leaf economics spectrum (Reich et787

al., 1998; Wright et al., 2004; Poorter et al., 2009); specifically, canopies with short-lived788
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leaves (DBF, CRO) tend to have higher SLA (lower LMA), and woody canopies tend789

to have lower SLA (higher LMA) than herbaceous canopies (Díaz et al., 2016). SLA for790

DNF likely should be higher, at least twice that of ENF (Gower & Richards, 1990; Kloep-791

pel et al., 1998), and indeed some samples from TRY support a higher SLA (Figure S8),792

yet most are from R. White and Engelen (2000), which found a mean SLA of 22 m−2793

[kg C]−1.794

6.2 Supplemental Figures & Tables795

Table 8: Specific leaf area (SLA) can be defined in carbon terms (“Leaf carbon
(C) content per leaf area” in TRY) or dry-mass terms (inverse of leaf mass per
area, or LMA). Here, Collection 6.1 BPLUT values are compared to the median
SLA in carbon terms (m−2 [kg C]−1) and the median SLA across all dry-mass
SLA fields (m−2 kg−1), grouped by PFT, from the TRY database. Also shown is
the overall median in each group as well as the mean value found in the literature
review by White et al. (2000).

PFT Collection 6.1 Carbon terms Dry mass terms White et al.
ENF 15.0 12.1 9.3 8.2
EBF 26.9 24.0 12.3 n.a.
DNF 16.9 23.5 10.7 22.0
DBF 24.7 34.5 16.6 32.0
MF 22.6 33.8 19.1 n.a.
CSH 9.4 24.8 13.3 n.a.
OSH 12.0 24.8 13.3 12.0
WSV 28.8 36.9 14.8 n.a.
SAV 28.9 34.9 15.7 n.a.
GRS 38.0 37.4 14.9 49.0
CRO 38.0 43.6 18.4 n.a.
Overall 24.7 29.5 14.8 n.a.

Table 11: Annual GPP (MOD17A3H) validation metrics, for Collection 6.1
(“C6.1”) and the updated BPLUT (“Update”), for years in 2000-2017 with ≥ 97%
of valid data-days. FLUXNET sites used in calibration are combined with those
reserved for validation due to the dearth of data-years available. Bias and RMSE
are in units of g C m−2 year−1. No FLUXNET sites with majority-DNF canopy
have years with at least 97% of valid data-days within this span. The statistics
are not shown for DBF (2 site-years) because only one site is represented; they
are likely not reliable.

PFT
Site-
Years

Bias
(C6.1)

Bias
(Update)

RMSE
(C6.1)

RMSE
(Update)

nRMSE
(C6.1)

nRMSE
(Update)

ENF 52 -307 -196 531 543 15.7% 16.1%
DNF 0 n.a. n.a. n.a. n.a. n.a. n.a.
EBF 44 67 12 491 477 13.1% 12.8%
DBF 2 n.a. n.a. n.a. n.a. n.a. n.a.
MF 31 -700 -640 763 694 48.5% 44.1%
CSH 7 77 46 103 108 32.3% 33.9%
OSH 6 -264 -336 718 751 33.0% 34.6%
WSV 29 -47 -155 376 416 28.7% 31.8%
SAV 44 -323 -341 532 506 30.4% 28.9%
GRS 56 -347 -174 589 452 17.2% 13.2%
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PFT
Site-
Years

Bias
(C6.1)

Bias
(Update)

RMSE
(C6.1)

RMSE
(Update)

nRMSE
(C6.1)

nRMSE
(Update)

CRO 20 -317 -9 433 324 37.0% 27.7%

Table 12: Annual GPP validation metrics at FLUXNET sites for years in 2012-
2017 with ≥ 97% of valid data-days, based on the candidate VNP17 BPLUT.
Bias and RMSE are in units of g C m−2 year−1. As with MOD17, annual
GPP validation includes both calibration and validation FLUXNET sites. No
FLUXNET sites with majority-DNF or majority-DBF canopy have years with at
least 97% of valid data-days within this span.

PFT Site-Years Bias RMSE nRMSE
ENF 6 -597 839 27.8%
DNF 0 n.a. n.a. n.a.
EBF 11 20 625 29.0%
DBF 0 n.a. n.a. n.a.
MF 6 -677 707 99.8%
CSH 7 42 93 29.2%
OSH 4 -1 30 9.0%
WSV 9 -98 491 40.8%
SAV 10 -282 602 39.7%
GRS 21 -181 454 17.9%
CRO 9 -27 327 29.9%

Table 14: 8-day GPP validation metrics based on the candidate VNP17 BPLUT,
as compared to FLUXNET sites (2012-2017). Mean Bias, RMSE, and ubRMSE
are in units of g C m−2 day−1, while the parentheses under RMSE indicate the
normalized RMSE. The normalized RMSE (%) is based on the overall observed
range of daily GPP or annual NPP; for daily GPP, the observed range is re-
stricted to years 2012-2017 to allow for meaningful comparisons between MODIS
and VIIRS. DNF is not represented because no FLUXNET sites in this canopy
report data during the period of available VIIRS fPAR and LAI retrievals, 2012-
2017.

PFT N Bias RMSE ubRMSE Corr
ENF 444 -1.6 2.8 (12%) 1.9 0.87
DNF 0 n.a. n.a. n.a. n.a.
EBF 520 0.6 2.8 (13%) 1.5 0.59
DBF 637 0.2 1.5 (7%) 1.4 0.94
MF 684 -1.0 2.1 (9%) 1.6 0.89
CSH 188 0.1 0.5 (2%) 0.4 0.52
OSH 337 0.4 0.8 (4%) 0.6 0.63
WSV 588 0.0 1.5 (7%) 1.1 0.81
SAV 643 -0.7 2.6 (12%) 2.2 0.75
GRS 878 0.0 1.3 (6%) 0.9 0.77
CRO 614 0.3 3.4 (15%) 3.3 0.61
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Figure 8: Histograms of specific leaf area (SLA) from the TRY database, in car-
bon (C) terms (i.e., leaf area per unit C) for each PFT. A rug plot at the top of
each subplot shows the distribution of species-level observations.
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Figure 10: MOD17 predicted mean annual NPP, using the Collection 6.1
BPLUT, against observed mean annual NPP from the field. The dashed line
indicates the 1:1 line.
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Figure 11: MOD17 predicted mean annual NPP, using the updated BPLUT,
against observed mean annual NPP from the field. The dashed line indicates the
1:1 line.
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Figure 12: Plant carbon-use efficiency (CUE) values from the MsTMIP global,
gridded ensemble mean (2000-2010), shown as boxplots, along with the overall
mean CUE in the updated MOD17 product, shown as red diamonds. The new
VNP17 BPLUT results in overall, global mean CUE values that are nearly identi-
cal to those shown here for MOD17.

Table 16: Annual VNP17 NPP validation metrics at Cal-Val inventory sites,
based on k-folds cross-validation. RMSE is in units of g C m−2 year−1. Statistics
are not available for CSH because of too few sites.

PFT Count Bias RMSE nRMSE r

ENF 63 -148 201 24.7% 0.37
EBF 104 90 335 26.0% 0.52
DNF 5 91 330 24.6% 0.54
DBF 54 78 300 22.3% 0.54
MF 110 61 265 17.2% 0.57
CSH 1 n.a. n.a. n.a. n.a.
OSH 53 48 244 15.7% 0.67
WSV 141 -12 271 14.8% 0.54
SAV 83 -8 272 14.9% 0.53
GRS 247 -50 271 14.6% 0.51
CRO 89 -46 274 14.8% 0.49
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Figure 13: Plant carbon-use efficiency (CUE) values from the synthesis by Col-
lalti & Prentice (2019), which included data only for forests, shown as boxplots,
along with the overall mean CUE in the updated MOD17 product, shown as red
diamonds. The new VNP17 BPLUT results in overall, global mean CUE values
that are nearly identical to those shown here for MOD17.

Figure 14: Plots of mean annual autotrophic respiration (RA) for 2000-2010,
which is a period of record common to all datasets. The TRENDYv7 Ensemble
Mean is shown on a 1-degree equirectangular grid, all others are shown on a 0.5-
degree grid. The Updated MOD17 map is based on a bilinear resampling from
the original 5-km, MODIS Sinusoidal projection. The Global Carbon Budget-
Tange et al. (2020) synthesis, “GCB2020-Tang et al. (2020)” is computed by
subtracting that annual NPP product from the Updated MOD17 annual GPP
product.)
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Figure 15: Plots of temporal correlations in annual NPP between the updated
MOD17 product and two bottom-up modeling ensembles. The TRENDYv7 En-
semble Mean is shown on a 1-degree equirectangular grid, all others are shown on
a 0.5-degree grid.

Figure 16: Plots of temporal correlations in annual autotrophic respiration (RA)
between the updated MOD17 product and two bottom-up modeling ensembles.
The TRENDYv7 Ensemble Mean is shown on a 1-degree equirectangular grid, all
others are shown on a 0.5-degree grid.
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Figure 17: Interannual variability (standard deviation across the years 2000-
2010) in annual NPP. The TRENDYv7 Ensemble Mean is shown on a 1-degree
equirectangular grid, all others are shown on a 0.5-degree grid. The Updated
MOD17 map is based on a bilinear resampling from the original 5-km, MODIS
Sinusoidal projection.

Figure 18: Interannual variability (standard deviation across the years 2000-
2021) in annual GPP, based on the updated MOD17 BPLUT and resampling
onto a 0.5-degree grid.
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Figure 19: Interannual variability (standard deviation across the years 2012-
2021) in annual GPP, based on resampling onto a 0.5-degree grid.

Figure 20: Interannual variability (standard deviation across the years 2000-
2021) in annual NPP, based on the updated MOD17 BPLUT and resampling
onto a 0.5-degree grid.
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Figure 21: Interannual variability (standard deviation across the years 2012-
2021) in annual NPP, based on resampling onto a 0.5-degree grid.

Table 21: Annual GPP and NPP fluxes (Pg C year−1) for different products in
different time periods.

Period Product GPP NPP
2000-2010 Collection 6.1 117.4 ±2.2 58.2 ±1.7
2000-2010 FLUXCOM RS+METEO (ERA5) 115.7 ±0.4 n.a.
2000-2010 GCB2020-Tang et al. n.a. 49.8 ±0.4
2000-2010 MOD17 Update 125.4 ±2.0 56.1 ±1.5
2000-2010 MsTMIP Ensemble Mean 109.9 ±1.7 51.6 ±0.9
2000-2010 TRENDYv7 Ensemble Mean 124.9 ±1.6 60.5 ±1.0
2000-2018 Collection 6.1 119.2 ±2.9 59.3 ±1.9
2000-2018 FLUXCOM RS+METEO (ERA5) 115.5 ±0.4 n.a.
2000-2018 GCB2020-Tang et al. n.a. 49.6 ±0.6
2000-2018 MOD17 Update 127.2 ±2.8 57.1 ±1.8
2000-2018 MsTMIP Ensemble Mean 109.9 ±1.7 51.6 ±0.9
2000-2018 TRENDYv7 Ensemble Mean 126.3 ±2.4 61.2 ±1.3
2012-2018 Collection 6.1 121.6 ±1.6 60.7 ±1.1
2012-2018 FLUXCOM RS+METEO (ERA5) 115.2 ±0.2 n.a.
2012-2018 GCB2020-Tang et al. n.a. 49.6 ±0.8
2012-2018 MOD17 Update 129.7 ±1.7 58.5 ±1.1
2012-2018 New VNP17 129.6 ±1.7 58.4 ±1.1
2012-2018 TRENDYv7 Ensemble Mean 128.6 ±1.4 62.3 ±0.9
2012-2021 Collection 6.1 121.9 ±1.4 60.7 ±0.9
2012-2021 FLUXCOM RS+METEO (ERA5) 115.2 ±0.2 n.a.
2012-2021 GCB2020-Tang et al. n.a. 49.6 ±0.8
2012-2021 MOD17 Update 130.1 ±1.6 58.6 ±0.9
2012-2021 New VNP17 129.8 ±1.5 58.4 ±0.9
2012-2021 TRENDYv7 Ensemble Mean 128.6 ±1.4 62.3 ±0.9
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Figure 22: Uncertainty in TRY prior values, for select PFTs, as indicated by the
prior probability density function for specific leaf area (a) and the prior cumula-
tive density function for leaf RM (b).
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