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S1 Description of in-situ data collection for FI-Sod and US-NR15

To determine the chlorophyll content of the crowns in Sodankylä, there were taken in total 160 biweekly needle samples from

the south and north faces of crowns of three mature Scots pine (Pinus sylvestris) trees during 31.3–30.9.2015. Needle samples

were taken separately for one- and three-year-old shoots of branches that were cut with clippers from the upper part of the

crowns. Each sample consisted of four pairs of needles that were immediately immersed in liquid nitrogen in a portable dewar

(CX-100, Taylor Wharton International LLC, Minnetonka, MN), and subsequently stored at -80 ◦C until extraction. Pigments10

were analysed by using a method following Wellburn (1994) with dimethyl sulfoxide (VWR Chemicals, 23500.322) as solvent.

Frozen needle samples (75—100 mg) were first homogenized for 2 minutes at 30 Hz, using a bead mill (TissueLyser II Qiagen,

Germany), stainless steel beads (4 mm), and microtubules (2 ml). Subsequently, 1.8 ml of dimethyl sulfoxide was added to

the homogenate and resuspended again at 30 Hz for one minute. Pigments were extracted in oven at 40 ◦C for 4 hr. The

extracts were then centrifuged at 25000 g for five minutes. Light absorption was measured at 649.1, 665.1, and 480.0 nm, with15

a spectrophotometer (Shimadzu UV-2401 PC), and subsequently used in the estimation of chl A, chl B, and total carotenoids

(Wellburn, 1994). The Sodankylä chlleaf measurements represent both chlorophyll A and B (chla+b).
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The US-NR1 pigment measurements represent two tree species: lodgepole pine (Pinus contorta) and Engelmann spruce

(Picea engelmannii). The measurements were collected from tree branches and the pigments were extracted in solvent, and

then analyzed by liquid chromatography (Bowling and Logan, 2019). We calculated the daily average value of chlleaf over20

measurements from several trees, and filtered out the days when fewer than three samples were available.

For FI-Sod, we also used in-situ measurement data for the fraction of absorbed photosynthetic radiation (fAPAR) for the

years 2021–2024 which were measured with the PQS1 instrument with factory calibration (Knorr et al., 2025). We excluded

those days from in-situ fAPAR measurements for which the 2021–2024 daily mean photosynthetically active radiation (PAR)

below canopy was less than one. This was done in order to filter out measurement data that might not be representative due to25

reduced sun light and potential snow cover.
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Table S1. A list of data sets used in the study.
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Table S2. Land cover (LC) classes used in the RS chlleaf postprocessing. Based on ESA-CCI-LC documentation (ESA, 2017).

LC value LC description LC value LC description

10 Cropland, rainfed 81
Tree cover, needle-leaved,

deciduous, closed (>40%)

11 Herbaceous cover 82
Tree cover, needle-leaved,

deciduous, open (15-40%)

20 Cropland, irrigated or post-flooding 90
Tree cover, mixed leaf type

(broad-leaved and needle-leaved)

30
Mosaic cropland (>50%) / natural vegetation

(tree, shrub, herbaceous cover) (<50%)
110

Mosaic herbaceous cover (>50%)

/tree and shrub (<50%)

40
Mosaic natural vegetation (tree, shrub,

herbaceous cover/ (>50%) / cropland (<50%)
120 Shrubland

50 Tree cover, broad-leaved, evergreen, closed to open 121 Evergreen shrubland

60 Tree cover, broad-leaved, deciduous, closed to open 122 Deciduous shrubland

61 Tree cover, broad-leaved, deciduous, closed 130 Grassland

62 Tree cover, broad-leaved, deciduous, open 140 Lichens and mosses

70 Tree cover, needle-leaved, evergreen, closed to open 150
Sparse vegetation (tree, shrub,

herbaceous cover) (< 15%)

71 Tree cover, needle-leaved, evergreen, closed (>40%) 160 Tree cover, flooded, fresh or brakish water

72 Tree cover, needle-leaved, evergreen, open (15-40%) 180
Shrub or herbaveous cover,

flooded, fresh/saline/brakish water

80
Tree cover, needle-leaved,

deciduous, closed to open (>15%)

Table S3. QUINCY plant functional types and the corresponding land cover (LC) types. The LC classes are listed in Table S2

Abbreviation Long name LC classes

BNE Boreal needle-leaved evergreen 70, 71, 72, 90, 160

TeNE Temperate needle-leaved evergreen 70, 71, 72, 90, 160

BNS Boreal needle-leaved deciduous 80, 81, 82, 90, 160

TeBE Temperate broad-leaved evergreen 40, 50, 90, 160

TeBS Temperate broad-leaved deciduous 40, 60, 61, 62, 90, 160

TrBR Tropical broad-leaved rain deciduous 60, 61, 62, 90, 160

TrBE Tropical broad-leaved evergreen 50, 90, 160

TeC C3 crops 10, 11, 20, 30, 110, 120, 121, 122, 130, 140, 150, 180

TeH C3 grasslands 10, 11, 20, 30, 110, 120, 121, 122, 130, 140, 150, 180

TrH C4 grasslands 10, 11, 20, 30, 110, 120, 121, 122, 130, 140, 150
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Table S4. QUINCY leaf C:N lower and upper constraints, derived based on the TRY database (Kattge et al., 2011).

PFT
QUINCY leaf C:N

lower boundary

QUINCY leaf C:N

upper boundary

BNE 24 64.86

TeNE 24 64.86

BNS 16 30.97

TeBE 13.71 38.71

TeBS 13.71 38.71

TrBR 13.71 38.71

TrBE 13.71 38.71

TeC 13.71 40

TeH 13.71 40

TrH 17.14 48

Table S5. A list of QUINCY simulations

Name Description Sites

QUINCY default default parametrization PLUMBER2 & GLOBAL

QUINCY Conly

default parametrization,

but C-cycle only enabled and

with a fixed leaf stoichiometry

PLUMBER2

QUINCY fN,chl increase
Same as QUINCY default,

but fN,chl increased by 30 %
PLUMBER2, only TeBS

QUINCY alter N frac

Same as QUINCY default,

but leaf N allocation with the

alternative scheme (see Section 2.1.2)

PLUMBER2

QUINCY alter N frac, fN,rub increase
Same as QUINCY alter N frac,

but fN,rub increased by 30 %
PLUMBER2, only TeBS
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Table S6. Random forest regression model preliminary training and preliminary testing coefficient of determination (R2) scores.

PFT
QUINCY Remote sensing

Train Test Train Test

BNE 0.997 0.979 0.977 0.831

TeNE 0.997 0.981 0.934 0.498

BNS 0.979 0.861 0.963 0.515

TeBE 0.991 0.937 0.960 0.631

TeBS 0.985 0.890 0.977 0.820

TrBR 0.973 0.829 0.896 0.229

TrBE 0.974 0.821 0.980 0.867

TeC 0.967 0.764 0.959 0.730

TeH 0.980 0.864 0.973 0.828

TrH 0.930 0.499 0.948 0.643

all 0.971 0.790 0.961 0.727

Table S7. PFT means of chlleaf , the 90th percentile of LAI, and GPP annual sums for the PLUMBER2 sites for QUINCY, remote sensing

(RS), and flux tower observations of GPP. The numbers indicate the mean value of the site-level mean chlleaf ± the standard deviation.

Values are calculated based on site-level mean chlleaf and GPP mean annual sum. Statistically significant (p < 0.05) correlation coefficients

are marked with an asterisk. The PFT abbreviations are defined in Table 1.

PFT
chlleaf (µg cm−2) LAI (m2 m−2) GPP (gCm−2yr−1)

QUINCY RS r QUINCY RS r QUINCY Observations r

BNE 44.4±9.4 41.3±25.4 0.66∗ 3.7±1.0 3.5±1.1 0.80∗ 935±365 1235±556 0.80∗

TeNE 59.9±8.9 48.3±12.9 0.01 4.5±0.4 3.0±1.1 -0.48 1713±377 1805±241 0.30

TeBE 40.5±5.8 20.4±5.4 0.85 4.8±0.3 3.0±1.4 0.88 1970±350 1698±368 -0.37

TeBS 17.9±5.6 22.1±6.1 0.71∗ 4.1±0.6 4.4±1.5 0.42∗ 1231±366 1539±377 0.25

TrBR 26.4±13.7 10.2±0.0 - 4.6±1.2 1.9±1.1 - 1820±1019 1488±483 -

TrBE 45.7±9.0 55.8±13.2 0.22 4.7±0.2 4.5±1.3 0.42 2401±607 2445±872 0.64

TeC 13.7±1.4 28.4±10.4 0.11 4.5±1.8 3.3±1.2 -0.03 1437±469 1228±303 0.13

TeH 12.0±2.6 21.1±11.9 -0.04 3.1±1.9 2.6±1.5 0.55∗ 1004±545 977±687 0.77∗

TrH 45.3±5.3 38.3±11.3 0.16 2.1±1.3 1.6±1.1 0.59∗ 756±416 902±502 0.52∗

all 28.3±17.4 31.1±17.4 0.61∗ 3.7±1.6 3.1±1.6 0.51∗ 1229±620 1304±658 0.71∗
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Table S8. Group-based PFT means of chlleaf and LAI 90th percentile time series for the PLUMBER2 and GLOBAL sites. The numbers

indicate the mean value ± the standard deviation, and the minimum and maximum values are in parentheses. The values are calculated based

on the site-level mean chlleaf and LAI 90th percentile.

PFT
chlleaf (µg cm−2) LAI (m2 m-2)

QUINCY Remote sensing QUINCY Remote sensing

BNE 39.0±7.0 (32.0–62.4) 33.1±17.9 (6.3–95.0) 3.1±1.1 (1.4–5.2) 3.5±1.0 (1.0–5.9)

TeNE 63.1±8.5 (38.9–71.9) 44.5±12.6 (20.5–74.5) 4.7±0.4 (3.7–5.0) 3.5±1.3 (0.4–5.6)

BNS 11.8±1.1 (10.5–12.9) 10.7±7.2 (4.0–20.4) 1.2±0.5 (0.5–1.7) 3.0±0.9 (2.1–4.4)

TeBE 42.3±5.4 (35.6–49.5) 22.7±8.6 (13.0–37.0) 4.9±0.4 (4.3–5.4) 3.3±1.2 (1.4–4.6)

TeBS 16.2±6.4 (5.3–32.8) 20.1±6.7 (6.7–35.5) 4.1±0.7 (1.0–5.0) 4.4±1.3 (1.2–6.3)

TrBR 20.6±10.4 (13.8–36.1) 13.2±3.5 (10.2–16.8) 4.1±0.9 (3.4–5.4) 2.7±1.1 (1.1–3.8)

TrBE 46.8±5.0 (33.0–59.7) 57.3±11.9 (26.4–78.7) 5.0±0.3 (4.2–5.5) 5.0±1.0 (2.0–6.1)

TeC 13.7±1.4 (10.5–16.7) 28.4±10.4 (13.2–46.3) 4.5±1.8 (1.9–7.3) 3.3±1.2 (1.5–5.2)

TeH 10.0±3.1 (4.6–17.2) 21.9±11.0 (2.0–47.1) 2.4±1.5 (0.4–7.9) 1.9±1.4 (0.2–5.5)

TrH 49.3±8.6 (31.9–71.8) 38.7±10.3 (12.2–62.4) 4.3±3.1 (0.6–12.2) 1.8±1.3 (0.1–5.4)

all 31.9±18.7 (4.6–71.9) 32.5±16.7 (2.0–95.0) 3.7±2.1 (0.4–12.2) 2.9±1.7 (0.1–6.3)

Table S9. The start of season (SOS), end of season (EOS) and length of season (LOS) for the PFT-averaged seasonal cycle of the PLUMBER2

Northern hemisphere TeBS sites.

Variable
chlleaf LAI GPP

QUINCY Remote sensing QUINCY Remote sensing QUINCY eddy covariance

SOS (DOY) 92 92 106 93 117 114

EOS (DOY) 347 337 347 317 309 283

LOS (days) 255 245 241 224 192 169
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Table S10. The annual average chlleaf ± std values and annual GPP sum for FI-Sod and US-NR1. DJF (December–February) and JJA

(June–August) mean values are also listed. The numerical ranges are shown in parentheses after the annual means.

Sodankylä (FI-Sod)

Variable Season QUINCY
RS,

Croft et al. (2020)

RS,

Sentinel-3
In-situ

chlleaf (µg cm−2)
yearly

mean

35.0±1.2

(33–39)

18.4±4.7

(8–32)

16.1±9.3

(0–51)

57.9±10.4

(40–78)

chlleaf (µg cm−2) DJF 33.9±0.3 18.2±3.8 - -

chlleaf (µg cm−2) JJA 36.1±0.6 20.1±5.0 21.2±6.7 62.6±7.8

GPP (gCm-2 yr-1)
annual

sum
545±52 - - 602±82

Niwot-Ridge (US-NR1)

Variable Season QUINCY
RS,

Croft et al. (2020)

RS,

Sentinel-3
In-situ

chlleaf (µg cm−2)
yearly

mean

34.8±0.8

(33–38)

25.3±6.3

(7–52)

33.2±12.4

(3–56)

40.5±5.1

(27—46)

chlleaf (µg cm−2) DJF 34.0±0.3 25.5±2.9 21.2±9.3 -

chlleaf (µg cm−2) JJA 35.5±0.6 24.3±8.9 46.7±4.8 43.2±2.3

GPP (gCm-2 yr-1)
annual

sum
467±34 - - 845±44
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Table S11. PFT mean values for the mean chlleaf , LAI 90th percentile and annual GPP for the PLUMBER2 sites with default QUINCY ("Q

def."), QUINCY with alternative N fraction scheme ("Q alter N") and remote sensing (RS) and eddy flux covariance observations. fN,struct

values are calculated as average JJA (June-August) fractions.

PFT
nr

sites

fN,struct (-) chlleaf (µg cm−2) LAI (m2 m-2) GPP (gCm-2 yr-1)

Q

def.

Q

alter N

Q

def.

Q

alter N
RS

Q

def.

Q

alter N
RS

Q

def.

Q

alter N
Obs

BNE 20 0.66 0.86 44.4±9.4 16.4±3.2 41.3±25.4 3.7±1.0 3.2±0.9 3.5±1.1 935±365 716±295 1235±556

TeNE 8 0.65 0.86 59.9±8.9 20.6±2.7 48.3±12.9 4.5±0.4 4.1±0.4 3.1±1.2 1713±377 1418±331 1805±241

TeBE 4 0.53 0.77 40.5±5.8 22.1±1.7 20.4±5.4 4.8±0.3 4.2±0.3 3.1±1.4 1970±350 1468±236 1698±369

TeBS 25 0.51 0.69 17.9±5.6 14.9±4.4 22.1±6.1 4.1±0.6 3.8±0.5 4.5±1.5 1231±366 1044±311 1539±377

TrBR 2 0.52 0.69 26.4±13.7 21.7±11.9 10.2±0.0 4.6±1.2 4.1±1.3 1.9±1.1 1820±1019 1553±977 1488±483

TrBE 9 0.58 0.76 45.7±9.0 26.6±4.7 55.8±13.2 4.8±0.2 4.5±0.2 4.6±1.3 2401±607 2125±585 2445±872

TeC 11 0.23 0.65 14.2±1.3 12.1±0.9 31.6±10.3 5.3±2.1 3.2±0.6 2.9±1.0 1569±505 790±171 1329±261

TeH 13 0.25 0.65 12.7±2.5 11.1±1.6 28.6±11.0 3.1±2.1 2.1±1.1 2.1±1.4 972±603 531±319 774±619

TrH 20 0.3 0.42 45.3±5.3 25.7±4.4 38.3±11.3 2.2±1.4 2.6±1.8 1.6±1.1 756±416 974±596 902±502

all 112 0.46 0.69 32.8±17.2 18.1±6.5 34.4±17.5 3.8±1.6 3.3±1.2 3.2±1.6 1262 ±648 1026±570 1358±664

Table S12. The mean chlleaf , mean 90th percentile of LAI and annual GPP for the PLUMBER2 temperate broad-leaved deciduous (TeBS)

sites for different QUINCY simulations and observations ± standard deviation between sites. In addition, the fN,struct for JJA mean are

presented.

fN,struct (-) chlleaf (µg cm−2) LAI (m2 m-2) GPP (gCm-2 yr-1)

QUINCY default 0.51 17.9±5.6 4.1±0.6 1231±366

QUINCY default, 1.3x fN,chl 0.50 24.6±7.6 4.0±0.5 1153±338

QUINCY alter N frac 0.69 14.9±4.4 3.8±0.5 1044±311

QUINCY alter N frac, 1.3x fN,rub 0.60 18.5±5.7 4.0±0.5 1170±337

observations - 22.1±6.1 4.5±1.5 1539±377
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(a)

The PLUMBER2 sites

Boreal needle-leaved evergreen (BNE)

Boreal needle-leaved deciduous (BNS)

Temperate needle-leaved evergreen (TeNE)

Temperate broad-leaved deciduous (TeBS)

Temperate broad-leaved evergreen (TeBE)

Tropical broad-leaved rain deciduous (TrBR)

Tropical broad-leaved evergreen (TrBE)

C3 crop (TeC)

C3 grass (TeH)

C4 grass (TrH)

(b)

The GLOBAL sites

Figure S1. A map of the (a) PLUMBER2 sites and of the (b) GLOBAL sites. Different colors and markers indicate the PFT. A separate map

of Europe is inserted in (a).
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Figure S2. The mean site-level chlleaf for the PLUMBER2 and GLOBAL sites for RS and QUINCY. Each marker represents one site. The

whiskers show the mean interannual standard deviation for each site. Subplots (a), (c), (g) and (i) have a different scale on the x- and y-axis

than the other subplots.
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Figure S3. The site-level 90th percentiles of LAI for the PLUMBER2 and GLOBAL sites for RS and QUINCY.
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Figure S4. The mean annual GPP for different sites from the PLUMBER2 sites. The whiskers indicate the standard deviation calculated

between annual GPP for different years. In the PLUMBER2 site set, there were no GPP ground observations for the boreal needle-leaved

deciduous (BNS) PFT.
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represents one site.
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Figure S6. The PFT-averaged annual cycles of chlleaf for the PLUMBER2 and GLOBAL Northern hemisphere sites for QUINCY (red line)

and RS (black line). The shaded regions represent the standard deviation between sites. Depending on the site, the data is from years 1992-

2018. The Pearson correlation (r) and root mean squared error (RMSE) are calculated between the mean QUINCY and RS PFT-averaged

seasonal time series.
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Figure S7. The PFT-averaged annual cycles of LAI for the PLUMBER2 and GLOBAL Northern hemisphere sites for QUINCY (red line) and

RS (black line). The shaded regions represent the standard deviation between sites. Depending on the site, the data is from years 1992-2018.

The Pearson correlation (r) and root mean squared error (RMSE) are calculated between the mean QUINCY and RS PFT-averaged seasonal

time series.
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Figure S8. The PFT-averaged annual cycles of GPP for the PLUMBER2 Northern hemisphere sites for QUINCY (red line) and eddy

covariance observations (black line). The shaded regions represent the standard deviation between sites. Depending on the site, the data is

from years 1992-2018. The Pearson correlation (r) and root mean squared error (RMSE) are calculated between the mean QUINCY and

observed PFT-averaged seasonal time series.
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Figure S12. SHAP values of the random forest regression fit for the QUINCY chlleaf , using three-month and annual averages. Each point
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Figure S13. SHAP values of the random forest regression fit for the RS chlleaf , using three-month and annual averages.
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