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ARTICLE INFO ABSTRACT

Keywords: The photosynthetic rate has a nonlinear relationship with PAR during the day. We previously developed an
Clgreen algorithm for estimating GPP capacity, which is defined GPP under low-stress condition, using light response
Eddy covariance flux curves (LRCs). In this study, we studied the characteristics of LRC parameters of the initial slope and the
S::;t response curve maximum gross photosynthesis rate (Ppax), and formulas to calculate P,y from the relationship between the
MODIS chlorophyll index of the green and near-infrared (NIR) bands (Clgreen) and the GPP capacity at PAR = 2000 pmol

m~2 57! (GP2000) for nine vegetation types spanning tropical to subarctic climates on the Eurasian and North
American continents using eddy covariance flux measurements and Moderate Resolution Imaging Spectrometer
(MODIS) data. The slope of the relationship between Clgreen and GP2000 was highest for sites dominated by
herbaceous plants such as open shrubland, savanna, and cropland (rice paddy); it was lower at sites dominated
by woody plants. The yearly GPP/GPP capacity ratio was close to one in flux data. When the method was applied
to satellite data, the daily GPP capacity exhibited a similar seasonal pattern to that of the Flux GPP and MODIS
GPP products. Under high dryness conditions, Flux GPP showed the drop from the GPP capacity estimated from
Clgreen and diurnal PAR data around noon, and they were nearly identical during the early morning and late
afternoon. The instantaneous GPP capacity could be considered the baseline of the instantaneous GPP with
stress-free conditions and important for quantifying midday depression at the sub-day scale.

Rectangular hyperbola equation

et al., 2006). Such models assume a linear relationship between GPP and
photosynthetically active radiation (PAR), with the incorporation of

1. Introduction

Accurate observations of CO, exchange between the canopies of
different types of plants and the atmosphere are crucial for under-
standing the carbon cycle and land-atmosphere feedback processes in
climate change scenarios. Gross primary production (GPP), which rep-
resents the total amount of CO, absorbed by plants through photosyn-
thesis, accounts for the largest global carbon flux (Beer et al., 2010).
Satellite remote sensing (e.g., the Earth Observing System) can monitor
vegetation phenology globally and has been used to estimate GPP using
models based on light use efficiency (LUE) (Monteith, 1972; Heinsch

LUE (¢) as a coefficient as follows:

GPP = €fAPAR_canopy PAR (€]

where fapar canopy is the fraction of PAR absorbed by the plant canopy,
which is estimated from the normalized vegetation index (NDVI)
(Myneni and Williiams, 1994; Rouse et al., 1973) or from the inversion
of the three-dimensional radiation transfer of surface reflectance in
vegetation canopies (Myneni et al., 2002). This parameter is
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significantly affected by non-photosynthetic canopy components such as
stems and litter (Asner et al., 1998). When estimating GPP, photosyn-
thetically active vegetation (mostly green leaves) should be distin-
guished from non-photosynthetically active vegetation (Xiao et al.,
2004a, 2004b). Xiao et al. developed a vegetation photosynthesis model
(VPM) using the fraction of APAR attributable to photosynthetically
active vegetation (fapag pav) in plant canopies. The parameter is esti-
mated using the enhanced vegetation index (EVI) (Huete et al., 1997)
because the seasonal dynamics of EVI agree well with the observed GPP
of temperate deciduous broadleaf forests and boreal-northern evergreen
needleleaf forests during the growing season (Xiao et al., 2004aa;b).

GPP estimation models that focus on chlorophyll have been proposed
based on a concept similar to the LUE-based model. For boreal forests,
chlorophyll-absorbed PAR (APAR.,) is strongly related to gross
ecosystem production flux, whereas canopy-absorbed PAR (APAR canopy)
is only weakly related, as revealed by Moderate Resolution Imaging
Spectrometer (MODIS) observations (Zhang et al., 2009). For deciduous
broadleaf forests, the Medium Resolution Image Spectrometer (MERIS)
terrestrial chlorophyll index (MTCI) (Dash and Curran, 2004; 2007,
2010) is strongly correlated with daily GPP based on flux observations.
The EVI from MODIS is also strongly correlated with GPP. Differences
between the MTCI and EVI indices are apparent in time series in which
there is a greater time lag between the onset of the depression in GPP at
the end of season and a downturn in the EVI (Harris and Dash, 2010).
For crops (Gitelson et al., 2006; Peng and Gitelson, 2012) and mixed
temperate forests (Croft et al., 2015), midday GPP has a strong linear
relationship with the total chlorophyll content in the canopy multiplied
by the PAR.

The photosynthetic rate is not linearly related to PAR at the leaf scale
and often not at the canopy scale. To include this nonlinearity in GPP
estimation models, light-response curves (LRCs) of the GPP and PAR
relationship have been used (Furumi et al., 2005; Harazono et al., 2009;
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Ide et al., 2010). The maximum gross photosynthesis rate (Ppay) in the
GPP-PAR curve is determined from the relationship between the vege-
tation index and observed GPP. During the midday period, the photo-
synthetic rate often decreases due to stomatal closure in dry weather
conditions (Pathre et al., 1998; Pessarakli, 2005), and this is not related
to chlorophyll content in leaves. These levels are related to the light
reactions involved in photosynthesis, and stomatal opening and closure
is related to the carbon reduction cycle. Thus, the estimation of GPP can
be separated according to these two phenomena (Thanyapraneedkul
etal., 2012). Here, we focus on the former, and defined the GPP capacity
as GPP under low-stress conditions. To estimate this capacity, we use a
GPP capacity-PAR, which estimates the relationship in the form of a
rectangular hyperbola. It is assumed that the P, at light saturation
under low-stress conditions is mainly dependent on the total chlorophyll
content in a canopy. We replace this with the GPP capacity at a PAR that
is sufficiently high at 2000 pmol m~2s~! (hereafter, GP2000). This has a
linear relationship with the chlorophyll index (CI) of the green and
near-infrared band (Clgreen), Which is strongly correlated with chloro-
phyll content (Gitelson et al., 2006; Thanyapraneedkul et al., 2012). It is
a close proxy of plant absorption coefficients in the green spectral region
(Gitelson et al., 2019).

The advantage of a model using the GPP capacity—PAR curve is that
the diurnal variation in the GPP capacity can be calculated, as shown in
Fig. 1. This GPP capacity is considered the baseline, which is the GPP
under unstressed conditions. The midday depression is the area between
the baseline and the GPP (Muramatsu, 2018). We have previously
examined the parameters of the GPP capacity curve in North America,
Japan, and Thailand, for the following types of vegetation cover
recognized by the International Geosphere Biosphere Program (IGBP):
open shrubland, savanna, grassland, cropland (rice paddy), closed
shrubland (permanent wetland), deciduous needleleaf forest, evergreen
needleleaf forest, and evergreen broadleaf forest (Thanyapraneedkul
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Fig. 1. Diurnal variation in instantaneous GPP capacity can be calculated from light response curve of GPP capacity and diurnal variation in photosynthetically
active radiation (PAR). Baseline is defined as GPP under unstressed conditions, and GPP capacity is considered the baseline for midday depression.
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et al., 2012; Mineshita et al., 2016; Muramatsu et al., 2017). Plants in
Europe, including Siberia, belonging to subarctic climate regions, have
not yet been analyzed and should be evaluated to ascertain whether the
rules governing the parameters of plant functional types differ among
continents with subarctic to tropical climates. It is unclear whether the
parameters and relationship between GP2000 and Clgreen vary among
vegetation types. Thus, in this study, we examined these characteristics
among different vegetation types and examined the daily and diurnal
variation in GPP capacity estimated from MODIS Clgee, in comparison
with MODIS GPP and Flux GPP.

2. Data and methods
2.1. Background: LRC formula

We used an LRC for canopy GPP capacity (Thanyapraneedkul et al.,
2012), as follows:

 OPpaPAR(1)

"1+ aPAR() 2

GPPapacity (PAR(t))

where a (m? s (pmol photon)’l) is a parameter related to the initial
slope, Ppax (mgCO-» m 257 1) is considered the maximum rate of canopy
gross photosynthesis at light saturation, oPp,y is the initial slope of the
LRC and represents the apparent quantum efficiency under weak light
conditions. GP2000, already described above (Fig. 2), can be estimated
(Thanyapraneedkul et al., 2012; Mineshita et al., 2016; Muramatsu
et al., 2017) using the green CI (Clgreeq) (Gitelson et al., 2006) based on
satellite reflectance data in the near infrared (Rnr) and green (Rgreen)
bands as follows:

GP2000 = aClyeen + b 3)
Ryir
CI reen — -1 4
8 Rgreen @

Another rectangular hyperbola LRC formula is often used:

PmaxPAR t
GPP(PAR(t)) :Enan+—<mr(<()t) )

where Q is the apparent quantum efficiency and is the initial slope of the
LRC; Ppay is the maximum rate of GPP. Equations (2) and (5) are the
same when the relationship between the parameters in both formulas is
a = Q/Pmax- We used a rectangular hyperbola equation to reduce the
number of parameters. Owen et al. (2007) showed that when the theo-
retical maximum CO, uptake capacity at a high light intensity of 2000
(umol m~2 s71) is expressed as a rectangular hyperbola, the value is
similar to that obtained from a non-rectangular hyperbola equation.

2.2. Data collection sites for different IGBP classes and fluxes

Flux data were obtained for nine IGBP vegetation classes (Steffen
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Fig. 2. Light response curve of gross primary production capacity
(GPP capacity).
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etal., 1992). Table 1 lists the collection sites. Flux data from Europe (htt
p://www.europe-fluxdata.eu/home) and Siberia Asia (http://www.asi
aflux.net) were used to determine the LRC parameters. For the Euro-
pean sites (ES-Agu, FR-Hes, NL-Loo, IT-Lav, and FR-Pue), GPP and vapor
pressure deficit (VPD) data were extracted from level 4 products and
PAR data were extracted from level 2 products, with a 30 min interval, in
2007. GPP in Siberia was calculated from net ecosystem exchange (NEE)
and air temperature data, with a 30 min interval, from 2004 to 2007.
Details of the GPP calculation are provided in Appendix A. The pro-
cessing of flux data from the United States (US-Ses, US-Wjs, and US-Los),
Canada (CA-Let), Japan (JP-TKY, JP-TMK, and JP-MSE), and Thailand
(TH-SKR) and the LRC parameters used in this study are described in
Thanyapraneedkul et al. (2012), Mineshita et al. (2016), and Muramatsu
et al. (2017).

2.2.1. Satellite data

To determine the relationships between the LRC parameters and
vegetation indices, MODIS surface reflectance data (MODO09A1) for the
same year as the flux data were obtained from the MODIS Land Products
Subsets project website (ORNL DAAC, 2008). Data for the period of
2000-2015 were used to determine the selection criteria for pure pixels.
The MOD09A1 product has a spatial resolution of 500 m every 8 days,
with correction for the effects of scattering and absorption by atmo-
spheric components and aerosols using the transmission, reflectance,
and spherical albedo of gas molecules and aerosols (Vermote et al.,
2002). The MODIS bands used in this study are shown in Table 2.

The MODIS GPP product (MOD17A2H) (Running et al., 2015) data
for newly added flux sites (ES-Agu, FR-Hes, RU-YLF, NL-Loo, IT-Lav,
RU-YPF, and FR-Pue) were obtained for the same time period. This
product has a spatial resolution of 500 m every 8 days and the data are
expressed in units of kg C m™2.

2.3. Data preprocessing for the newly added GHG-Europe and Siberia
flux sites

2.3.1. Selection of clear and pure MODIS pixels for vegetation index
calculation and Clgeen calculation at flux sites

MODIS data from 2000 to 2015 for GHG-Europe sites were used to
determine the criteria for selecting clear and pure pixels in the MODIS
reflectance data. Four pixels from different positions at each site were
examined. Because of the uniformity of the land cover, it was considered
acceptable to use only four pixels in this study, despite nine pixels (one
pixel corresponding to the site position, and eight pixels surrounding the
center pixel) having been used in a previous study of a paddy site
(Muramatsu et al., 2017). To minimize the effects of clouds, cloud
shadows, and aerosols, surface reflectance data were used with MOD35
cloud regions recorded as 00, cloud shadows as 0, aerosol amounts as 00
and 01, and cirrus as 00. However, some contamination remained in the
form of thin clouds. To select clear and pure pixels, we used satellite data
with blue and 1.2 pm reflectance, and the band ratio of the blue and red
reflectance within three standard deviations of the 16-year mean
(Table 3), in accordance with Muramatsu et al. (2017).

Clgreen Was calculated every 16 days from the reflectance of a pixel
corresponding to the flux site location. If the data were available every 8
days, the average of two values was used. If only one value was available
for 16 days, that value was used. If no data were available for 16 days
because the selection criteria for clear and pure pixels were not met, that
day was treated as missing data.

2.3.2. Selection of GPP under low-stress VPD conditions

A high VPD causes a decrease in the rate of photosynthesis during the
day (Pathre et al., 1998; Thanyapraneedkul et al., 2012; Mineshita et al.,
2016). In this study, low-stress GPP data corresponding to the period
before and after the midday depression of GPP were selected. To
determine the threshold for VPD, diurnal variation in GPP, PAR, and
VPD was examined every 30 min, and the VPD value at the start of the
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Table 1

Flux site descriptions: IGBP class; OSH: Open shrubland, SAV: Savanna, GRA: Grassland, CRO: Cropland, DBF: Deciduous broadleaf forest, CSH: Closed shrubland, WET: Permanent wetland, DNF: Deciduous needleleaf
forest, ENF: Evergreen needleleaf forest, EBF: Evergreen broadleaf forest. The symbol * in site ID shows newly added data; and the symbols ¢, o and f shows previous study data in Thanyapraneedkul et al. (2012), Mineshita
et al. (2016), and Muramatsu et al. (2017), respectively.

IGBP class  Site ID (This Data year Name and Country Location Annual temp. Annual precip. Dominant Species Canopy height(m) Reference
study) © (mm)
OSH ES-Agu* 2007 Balsa Blanca, Spain ~ 36.9406°N 18.0 220 Machrocloa tenacissima 1 Lopez-Ballesteros et al. (2016)
2.0329°W Lopez-Ballesteros et al. (2018)
OSH US-Ses® 2007 Sevilleta 34.3349°N 13.7 273 Larrea tridentata, 0.75 Anderson-Teixeira et al. (2011)
shrubland, 106.7442°W Bouteloua eriopoda
USA
SAV US-Wjs® 2007 Willard Juniper, 34.4255°N 15.2 361 Juniperus monosperma, 2 Anderson-Teixeira et al. (2011)
Savannah, USA 105.862°W Bouteloua gracilis
GRA CA-Let® 2003 Alberta-Mixed 49.709°N 5.4 398 Agropyron dasystachyum 0.317 + 0.074 (Flanagan and Adkinson, 2011)
Grass, 112.940°W A. smithii (2001-2006)
Prairie, Canada
CRO JP-MSE* 2001- Mase paddy, 36.054°N 13.7 1200 rice 1.2 (max.) Ono et al. (2013)
2004 Japan 136.054°E (Oryza sativa)
DBF FR-Hes* 2007 Hess, France 48.6742°N 9.2 820 Beech 13 Granier et al. (2008)
7.0656°E (Fagus sylvatica L.)
DBF JP-TKY® 2003 Takayama, 36.146°N 6.4 2293.5 Betula ermanii 15-20 (Saigusa et al., 2002)
Japan 37.423°E Quercus crispula Hirata et al. (2008)
CSH US-Los® 2007 Lost Creek, USA 46.0827°N 4.1 828 Alder (Alnus incana) 2 (US-Los site’s web page; Sulman et al.,
(WET) 89.9792°W Willow (Salix) 2009)
DNF RU-YLF* 2004- Spasskaya Pad, 62.255°N —10.0 236.9 Dahurica larch 18 Ohta et al. (2008)
2007 Yakutsk, Russia 129.241389°E  (1961-1990) (1961-1990) (Larix cajanderi)
DNF JP-TMK® 2003 Tomakomai, 42.737°N 6.2 1043 Japanese larch (Larix 15 (Hirata et al., 2007, 2008)
Japan 141.519°E kaempferi)
ENF NL-Loo* 2007 Loobos, 52.1679°N 9.8 786 Scots pine 15.1 Dolman et al. (2002)
Netherlands
5.7440°E (Pinus sylverstris) (1977)
ENF IT-Lav* 2007 Lavarone, Italy 45.9553°N 7.0 1150 Fir 33-36 Marcolla et al. (2003)
11.2812°E Abies alba (70%)
ENF RU-YPF* 2004- Spasskaya Pad, 62.241389°N -10.0 236.9 Pine 10 (Matsumoto et al., 2005)
2007 Yakutsk, Russia 129.650556°E (1961-1990) (1961-1990) (Pinus sylvestris)
ENF JP-FJY® 2003 Fujiyoshida, Japan 35.454°N 10.1 1483 Japanese red pine (Pinus 20 (Mizoguchi et al., 2012)
138.762°E densiflora) Hirata et al. (2008)
EBF FR-Pue* 2007 Puechabon, France 43.7414°N 10.4 1230 Holm oak 6 Soudani et al. (2014)
3.5958°E (Quercus ilex L)
EBF TH-SHR® 2003 Sakaerat, 14.492°N 24.1 1200-1300 Hopea ferrea pierre 35 (Aguilos et al., 2007)
Thailand 101.916°E Hirata et al. (2008)

°ID 32 NSIDWDINA ]

¥91001 (+20Z) 01 Suisuag 0wy fo dUDS
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Table 2
MODIS bands and bandwidths used in this study.
Band Bandwidth (nm) Notation in this study
3 459-479 blue
4 545-565 red
1 620-670 green
2 841-876 NIR
5 1230-1250 1.2 ym
Table 3

Spectral reflectance (R) in the blue and 1.2 pm bands, and ratio of blue and red
reflectance.

Spectral reflectance or band ratio Mean Standard deviation
Rpue 0.041 0.013
Ri.2um 0.218 0.067
Rolue/Rred 0.505 0.053

diurnal depression in GPP was used as the threshold value. Data every
30 min with VPD values lower than the VPD threshold were selected to
determine the parameters of the LRC for GPP capacity. In previous
studies (Thanyapraneedkul et al., 2012; Mineshita et al., 2016; Mur-
amatsu et al., 2017), the VPD threshold was determined to be 1.5 (kPa)
for open shrubland (US-Ses) and savanna (US-Wjs), and 2.0 (kPa) for
grassland (CA-Let), rice paddy (JP-MSE), wetland (US-Los), deciduous
broadleaf forest (JP-TKY), evergreen needleleaf forest (JP-FJY), and
evergreen broadleaf forest (TH-SKR). For the GHG-Europe flux sites and
Siberia flux sites, it was 0.8 for open shrubland (ES-Agu) and 1.5 (kPa)
for the others. Although it is ideal to use a unified VPD threshold for all
sites, the conditions under which a decrease in GPP occurred without a
decrease in PAR differed among vegetation types.

2.3.3. Parameters of the LRC for the GPP capacity estimation algorithm of
the GHG-Europe and Siberia flux sites

To determine the two parameters a and Pp,,y in Equation (2), flux
data were first fitted to Equation (2) for every 16-day period using a
least-squares method, which corresponded to the MODIS satellite ob-
servations. Then, a values with a fitting error of less than 35% were
averaged (0ave), corresponding to the data during the growing season.
Second, Equation (2) was re-fitted using aaye to determine Pp,4 for each
16-day period. Third, GP2000 for each 16-day period was calculated by
substituting PAR = 2000 (pmol m 251, daye, and Ppay into Equation
(2). To characterize the differences in LRC parameters, a,ye, Seasonal
changes in Py, and the seasonal value ranges in ogyePmax Were
compared for various vegetation types using the results from the newly
added data and data from previous studies (Table 1).

2.4. Comparison of the relationship between GP2000 and Clgreen for
various vegetation types

The relationship between Clgree, from MODIS and GP2000 for
various vegetation types were compared using the results from the flux
sites listed in Table 1, and the relationship in Equation (3) was deter-
mined for every vegetation type. Next, the linear relationship in Equa-
tion (3) for the newly added data was evaluated using a cross-validation
method. The flux data were divided into two groups to include seasonal
changes equally. Flux data were sequentially numbered every 16 days
corresponding to the MODIS observation dates, and the sequential
number was divided by 2 for Group 1 if the remainder was 0 and Group 2
if the remainder was 1. For Group 1 and 2, the a,ye and P« of the LRCs
for every 16-day period were calculated using flux data, GP2000 was
calculated from an LRC with the calculated parameters, and the rela-
tionship between MODIS Clgreen and GP2000 was determined. The
Clgreen value of one group (Groupl/2) was substituted into the rela-
tionship between the other group (Group 2/1). For the evergreen
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needleleaf forest at NL-Loo, IT-Lav, and RU-YPF, NL-Loo and IT-Lav
were divided into two data groups using the remaining sequential
numbers, while RU-YPF was divided into two data groups, one for 2004
and 2006 and the other for 2005 and 2007.

2.5. Comparison of the GPP/GPP capacity ratio at the canopy level for
various vegetation types

Next, the GPP capacity at the canopy level was calculated using the
LRCs. The seasonal variation in the GPP/GPP capacity ratio, and the
annual value of the ratio, i.e., the ratio between the annual GPP and the
annual GPP capacity at the canopy level were compared for various
vegetation types using the results from the GHG-Europe, Ameri-Flux,
and AsiaFlux sites.

2.6. Daily and diurnal variation in GPP capacity from MODIS Cigreen for
newly added flux sites

Daily and diurnal variation in GPP capacity at the satellite level were
calculated using Equation (2) for the newly added flux sites. After esti-
mating GP2000 from MODI Clgeen, Pmax was calculated as follows:

Prax = (GP2000 x (1 4 g x 2000)) / (@aye x 2000) (6)

Then the estimated GPP capacity values from Clgeen Were compared
to the Flux GPP and MODIS GPP products.

3. Results
3.1. LRC parameters of GPP capacity

The LRC parameters of a,ye in Equation (2) for all data in Table 1 are
shown in Fig. 3. The values ranged from 0.0006 to 0.0046, with no
clearly characteristic values applicable to every vegetation type. The
standard deviation was largest at the Russian site. The Py, values every
16 days exhibited seasonal changes as shown in Fig. 4. These differed for
open shrub and savanna. At the Es-Agu site, a maximum value of
approximately 0.3 was obtained in winter, with low values in summer,
which is a dry season with high temperatures. Clear seasonal changes in
Pmax Were observed in herbaceous plants in grassland, rice paddy, closed
shrubland (permanent wetland), and deciduous broadleaf forests, with
maximum values of 1, 2.4, 1.1, and 1.6, respectively. Seasonal changes
were also observed in deciduous needleleaf forests. The dominant spe-
cies at both sites was larch, but the maximum values differed between
Japan (JP-TMK) and Siberia (RU-YLF). The maximum value was highest
(~2.5) at JP-TMK. In evergreen needleleaf forests, Ppax exhibited slight

0.006
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Fig. 3. Mean and standard deviation of the GPP capacity LRC parameters for
Oave at 16 sites.
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Fig. 4. Seasonal changes in P,y for (a) open shrubland (OSH), (b) savanna (SVA), (c) grassland (GRA) (d) cropland (CRO) rice paddy, average value over 4 years, (e)
closed shrubland (CSH) in a permanent wetland, (f) deciduous broadleaf forest (DBF), (g) deciduous needleleaf forest (DNF), RU-YLF, average value over 4 years, (h,
i) evergreen needleleaf forest (ENF), RU-YPF, average value over 4 years, and (j) evergreen broadleaf forest (EBF).

seasonal changes, except at JP-FJY. The Pinus densiflora forests at JP-FJY
exhibited clear seasonal changes, with a change in leaf color from green
to yellow evident in photographs taken on October 11 and October 31,
2007, respectively. In evergreen broadleaf forests, the maximum values
were lower in Europe (FR-Pue) than in tropical areas (TH-SKR). Seasonal
values of Ppax could be converted into GP2000 by substituting PAR(t) =
2000 into Equation (2), and the seasonal changes in GP2000 are shown
in Appendix B.

Fig. 5 shows the average and the range of seasonal changes in terms
of the minimum and maximum values during the growing season from
the initial slope of the LRC in Equation (2) of ozyePmax- The average
values were 0.0003-0.002. The smallest values were for open shrubland
and savanna, followed by grass and cropland (rice paddy). For closed
shrubland (in a permanent wetland), deciduous broadleaf, deciduous
needleleaf, evergreen needleleaf, and evergreen broadleaf forests, the
average values were 0.001-0.002; the highest value recorded was in
deciduous broadleaf forest, which also had the largest range of seasonal
change. Evergreen forests also displayed seasonal changes in the initial
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Fig. 5. Average and seasonal range of initial slope of the LRC at 16 sites. The
avePmax value is shown in mgCO, (pmol photon)’l. The value converted into
molCO, (mol photon)’l, which is frequently used in the field of plant physi-
ology, is shown in parentheses on the vertical axis.

slope, with particularly large changes in the P. densiflora forests at the
JP-FJY site.

3.2. Relationship between Clgreen, and GP2000

The relationship between Clgreen and GP2000 was investigated for
newly added data and data from previous studies for various vegetation
types. The data are summarized in Table 4 and illustrated in Fig. 6. For
open shrubland, savanna, grassland, and cropland (rice paddy), the data
displayed a linear relationship. The newly added ES-Agu site data were
also distributed near the regression line. For deciduous broadleaf forests
and permanent wetland there was a linear relationship. Deciduous
broadleaf Fagus sylvatica forests in France (FR-Hes) and Betula ermanii
and Quercus crispula forests in Japan (JP-TKY) exhibited a similar dis-
tribution of hysteresis. The slope was lower for DBF and CSH (Fig. 6(b))
than for OSH, GRS, and CRO (Fig. 6(a)). The US-Los site was in closed
shrubland (permanent wetland) and had a different vegetation type.
Nevertheless, the relationship between Clgreen and GP2000 at this site
was similar to that of deciduous broadleaf forests. This site had seasonal
variation in GP2000 and P,,, but the degree of variation was less than
that in broadleaf forests. These characteristics were also observed in the
relationship between Clgeen and GP2000. In the P. densiflora forests of
JP-FJY, there were 4-fold (2-6-fold) seasonal changes in Clgreen OVer 1
year due to the change in leaf color, which was recorded as described in
the previous section. The slope of the relationship was the same as that
for deciduous broadleaf forests. The range of Clgee, values at the NL-Loo
and RU-YPF sites were lower than that at JP-FJY. Mixed forests in which
evergreen needleleaf trees accounted for more than 70%, such as those
at IT-Lav, had a range of Clgreen values similar to those observed at JP-
FJY, but the data points were widely distributed. For the evergreen
broadleaf forests, the magnitudes of changes in Clgreen and GP2000 over
1 year were small at 2- and 0.5-fold, respectively. Although there was no
relationship between Clgreen and GP2000 at each site, the slope of the
linear regression for the relationship between the two sites was the same
as that between deciduous broadleaf forest and evergreen needleleaf
forest within a small range of error.

The highest slope value (0.40) was obtained for open shrubland,



K. Muramatsu et al.

Science of Remote Sensing 10 (2024) 100164

Table 4
Relationship between GP2000 and Clgcen for each vegetation type.
Vegetation types (IGBP class) GP2000 No. of data GP2000 = aClgreen, + b RMSE R? p
(IGBP class)
min. max. ave. a b
Open shrubland (OSH) 0.01 1.57 0.36 123 0.4 £0.01 —0.28 £+ 0.02 0.11 0.94 <0.001
Savanna (SVA)
Grasslands (GRA)
Croplands (CRO)
Deciduous broadleaf forest (DBF) 0.02 1.32 0.58 49 0.17 £ 0.01 —0.34 + 0.07 0.19 0.81 <0.001
Closed shrubland (CSH)
Deciduous needleleaf forest (DNF) 0.16 1.66 0.52 45 0.24 + 0.01 —0.31 + 0.05 0.14 0.87 <0.001
Red pine of JP-FJY (ENF) 0.51 1.26 0.96 9 0.18 + 0.04 0.15 £ 0.18 0.11 0.76 0.002
Evergreen needleleaf forest (ENF) 0.21 1.08 0.63 65 0.15 + 0.02 0.03 + 0.07 0.17 0.54 <0.001
Evergreen broadleaf forest (EBF) 0.32 1.37 0.73 27 0.16 £+ 0.03 —0.09 +0.17 0.18 0.51 <0.001
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Fig. 6. Relationship between Clgeen and GP2000 for (a) open shrubland (OSH), savanna (SAV), grassland (GRA), and cropland (CRO) rice paddy (JP-MSE), (b)
deciduous broadleaf forest (DBF) and closed shrubland (CSH) in a permanent wetland, (c) deciduous needleleaf forest (DNF), (d) evergreen needleleaf forest (ENF) of
Pinus densiflora in JP-FJY, (e) ENF except JP-FJY, and (f) evergreen broadleaf forest (EBF). Solid and dashed lines represent linear regression fitting results and their

one sigma values; asterisks (*) indicate data newly added in this study.

savanna, and cropland (rice paddy). The next highest value was ob-
tained for deciduous needleleaf forest (0.24), and similar slopes in the
range of 0.15-0.18 were obtained for the other vegetation types, i.e.,
deciduous broadleaf forest, closed shrubland, evergreen needleleaf for-
est, and evergreen broadleaf forest. The intercept of Equation (3) tended
to have a negative value for deciduous vegetation types and a value close
to zero for evergreen vegetation types.

The results of the cross-validation are shown in Fig. 7. For ES-Agu,
the GPP capacity estimated from the linear relationship in Equation
(3) was higher than the Flux GPP. For the other sites, estimates were
distributed near the 1:1 line. The root mean square error (RMSE) values
for OSH, DBF, DNF, ENF, and EBF were 0.07, 0.07, 0.02, 0.005, and
0.07, respectively.

3.3. The GPP/GPP capacity ratio based on flux data

The seasonal variation in the GPP/GPP capacity ratio of evergreen
needleleaf forests was stable over the year, and the yearly value of the

ratio was higher than 0.94 (Fig. 8). For the other vegetation groups, the
tendency of seasonal variation in the ratio was dependent on the site. For
evergreen broadleaf forest, the seasonal variation at TH-SKR was stable
over the year, with a maximum value of 0.961, but at FR-Pue, it was
lower and decreased from July to September. In deciduous needleleaf
forests, the seasonal variation in the ratio at RU-YLF was stable over the
year, with an annual value of 0.953, whereas at JP-TMK, it was not
stable over time and the annual value (0.680) was lower than that at RU-
YLF. For deciduous broadleaf forest and wetland, there was slight sea-
sonal variation. The ratio decreased slightly from June in the growing
season. For the rice paddy site at JP-MSE, the ratio was stable, with an
annual value of 0.917. The annual value for open shrubland was lower
than those of all forest types, except at JP-TMK. There was considerable
noise in the ratio, which was higher than in the ratio for open shrubland
when GPP was lower than 1 gCO,m2day*. The use of this method was
considered to be limited when GPP was low. For sites with a stable ratio
close to one, the GPP capacity was considered a first-order approxima-
tion of GPP.
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Fig. 8. Seasonal variation of flux data in the daily GPP/GPP capacity ratio (blue) and GPP (pink) for (a) open shrubland (OSH) and savanna (SAV), (b) cropland
(CRO) rice paddy and grassland (GRA), (c) deciduous broadleaf forest (DBF) and closed shrubland (CSH) in a permanent wetland, (d) deciduous needleleaf forest
(DNF), (e) evergreen needleleaf forest (ENF), and (f) evergreen broadleaf forest (EBF). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

3.4. Daily and diurnal variation in GPP capacity from MODIS Cigreen for

the newly added flux sites

Next, we applied our algorithm to satellite data to estimate GPP

capacity. The daily GPP capacity from MODIS Clgyeen at the newly added
flux locations was compared to the daily Flux GPP and MODIS GPP
products (Fig. 9). The capacity estimated from the Clgreen at ES-Agu was
overestimated in winter but reproduced the depression in summer Flux
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for ITLav.

GPP well. The MODIS GPP product reproduced some of the winter Flux
GPP well but not the summer Flux GPP depression. Both the FR-Hes
estimates and MODIS GPP product captured the seasonal changes in
Flux GPP. The RU-YIf estimates were higher than the MODIS GPP
product, and both approximately captured the seasonal patterns of Flux
GPP. Both the RU-Ypf estimates and MODIS GPP product were repro-
duced well in some months but not in others. The NL-Loo estimate and
MODIS GPP product were nearly identical but were lower than the Flux
GPP from July to September. The IT-Lav and FR-Pue estimates and the
MODIS GPP product were reproduced well in some months but not in
others.

One of the key features of the algorithm used in this study was its
ability to calculate diurnal changes in the instantaneous GPP capacity
using an LRC. Fig. 10 shows examples of the diurnal variation in the
instantaneous GPP capacity. An example of the overestimation of the
diurnal variation in the instantaneous GPP capacity from MODIS Clgreen
was the ES-Agu site on Mar. 6 (Fig. 10 (al)), which corresponded to a
period when the daily GPP capacity was also overestimated in Fig. 9 (a).
Conversely, another example at ES-Agu on May 9 (Fig. 10 (a2)), showed
that the GPP capacity was slightly higher than the Flux GPP capacity,
but was estimated well. The GPP capacity of Flux and from MODIS
Clgreen Were nearly identical during the early morning and late after-
noon. The midday depression of photosynthesis, which is the drop from
the GPP capacity, was observed around noon in GPP. The GPP capacities
from MODIS Clgreen were slightly higher or lower than the Flux GPP
capacity. Midday depressions in Flux GPP were also observed at NL-Loo
in April and FR-Pue in July.

4. Discussion
4.1. Initial slope of the LRC parameters derived from flux data

At the leaf level, the initial slope of the LRC is the apparent quantum
efficiency, which is related to the total leaf chlorophyll content. The
initial slope aPmax for the GPP capacity in Equation (2) showed the
seasonal variation (Fig. 5) at the canopy level; Py« caused the seasonal
variation. GP2000 convertible to Pp.x had a linear relationship with

Clgreen, Which is correlated with chlorophyll content, as seasonal
changes in oPp,x for GPP capacity are considered to be related to sea-
sonal changes in canopy chlorophyll content. Previous studies of the net
ecosystem exchange (NEE) that did not focus on unstress conditions
reported the similar results, i.e., the initial slope (Q in Equation (5)) of
the LRC showed seasonal variation and was similar to that of P« in a
temperate mixed forest (Zhang et al., 2006); sagebrush steppe, short
grass steppe, and mixed grass prairie (Polly et al., 2009); and semi-arid
grassland (You et al., 2022). Q and Pp,ox have a linear relationship in
various biome types, including ENF, EBF, MF (mixed Forest), GRS, SVN,
and TND (tundra) (Saito et al., 2009). The initial slope Q in Equation (5)
equals aPp,x in Equation (2), as seasonal changes in Pp.x cause similar
seasonal patterns and there is a linear relationship between the two
parameters.

The units of @ and a,ye is the inverse of the incident photosynthetic
photon flux density (PPFD), and it was hypothesized that 1/,ye repre-
sents the light environment. In evergreen broadleaf forest, 1/0,ye values
were higher at TH-SKR than at FR-Pue, with the latitude of TH-SKR
being lower than that of FR-Pue. Regarding the evergreen needle leaf
and deciduous needle leaf types, the high-latitude sites RU-YPF and RU-
YLF had the lowest 1/0yy. values for the same plant types. Lin et al.
(2024) showed that the initial slope (®ave Pmax in this study) tended to
decrease with increasing latitude, with Py .4 varying weakly with lati-
tude for 64 typical ecosystems of ChinaFLUX ecosystem measurements
over 20 years. Our results showed a similar decrease in ®yye (increasing
as 1/a,ve) with increasing latitude. However, not all of the differences in
1/a,ye values could be explained based only on the latitude of the sites.
For example, at site NL-Loo, the latitude was slightly higher, but the
value of 1/0,y. was not as low as those expected ranges. This was likely
due to the fact that plants in NL-Loo gather light for optimal photo-
synthesis than plants at the same latitude. Additionally, the topography
around this location is less undulating. One possible reason for these
differences is that Equation (2) used the incident PPFD (not absorbed
PPFD) because 1/a,ye values would be affected by leaf angles. The leaf
angle could be a critical parameter for plants to achieve optimal
photosynthesis performance (Yang et al., 2023). For example, if the leaf
angle is perpendicular to sunlight, more light is available. On the other
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hand, if the leaf angle is steeper, more light is not available, but irra-
diation light can be reduced to maximize carbon gain (Falster and
Westoby, 2003). Furthermore, plants adjust leaf angles over the short or
long term in response to environmental and biological drivers (Yang
et al., 2023). Thus 1/a,ye may differ from the values expected based on
latitude because leaf angles can be adjusted to collect appropriate light
within the canopy. Further studies using other flux sites are needed to
confirm this hypothesis.

4.2. Relationship between Clgreen and GP2000

The liner relationship between GP2000 and Clgeen for the newly
added data was similar for the same vegetation type, even though the
continents were different. The relationship between them showed hys-
teresis, particularly in deciduous broadleaf forests, as shown in Fig. 6.
The reason for focusing on the linear relationship between the two pa-
rameters is that there may have been pixels that were not occupied by
uniform vegetation cover. A nonlinear relationship increases the un-
certainty of estimations in heterogeneous pixels.

The Farquhar photosynthesis model parameters (Farquhar et al.,
1980) of the potential electron transport rate (Jymax) and maximum
carboxylation rate (Vcmax) have strong linear correlations with leaf
chlorophyll content in leaves (Wullschleger, 1993). This is because
plants optimize their resource allocation to preserve the balance be-
tween their enzymatic Rubisco and chlorophyll capabilities
(Wullschleger, 1993). Within deciduous forests, Vcmax values have a

10

stronger linear relationship with the chlorophyll content of a canopy
than with Jpax values (Croft et al., 2017). Typically, the Jpnax values are
approximately double the V¢pay values (Leuning, 1997; Hikosaka et al.,
2007), and seasonal changes in Vcmax values have been shown to
regulate Pp,x when the intercellular partial pressure of CO; is approxi-
mately 20 Pa in canopy leaves (this study was on Q. crispula in a cool
temperate forest; Hikosaka et al., 2007). Therefore, we believed that
GP2000, which is the parameter responsible for high PAR under
low-stress conditions, would be limited by Vcmax. There was a strong
correlation between Vcnax and chlorophyll content. This was also true
for Clgreen because there was a linear relationship between GP2000 and
CIgreen-

Furthermore, previous studies of NEE including both stressed and
non-stressed conditions reported that the interannual variability in Ppax
is positively correlated with LAI (Laurila et al., 2001; Polly et al., 2009;
Gilmanov et al., 2010; Zhang et al., 2012; Tong et al., 2014; You et al.,
2022). From the perspective of photosynthesis processes, changes in LAI
imply changes in canopy chlorophyll content. Given the seasonal
changes in the canopy chlorophyll content, our assumption that the LRC
parameter P, is related to the canopy chlorophyll content under
low-stress conditions was considered reasonable.

Hysteresis has been reported in the relationships between the daily
Pmax and vegetation indices based on red-edge wavelength, such as the
NDVL, EVL, and CI (Muraoka et al., 2013; Gitelson and Merzlyak, 1994),
with the NDVI formula = (R7s0 — Ry05)/(R750 + Ryos) in a deciduous
broadleaf forest (JP-TKY) (Sims et al., 2002). A curvilinear hysteresis
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was observed, particularly from spring to midsummer. By contrast, the
canopy chlorophyll index (CCI), which is based on the ratio of the de-
rivative of the red-edge wavelength range (CCI = D715 725/Dg95-705)
(Sims et al., 2006), has an almost linear relationship with the daily Ppax
from spring to midsummer and from midsummer to early winter
(Muraoka et al., 2013). The seasonal patterns of leaf reflectance of B.
ermanii and Q. crispula at the JP-TKY site indicated a low chlorophyll
content, possibly due to carotenoid effects. Young leaves had a higher
green reflectance and lower NIR reflectance than mature leaves, with
the NIR reflectance reflecting the developmental pattern of the meso-
phyll structure (Noda et al.). Young thin leaves have a lower NIR
reflectance because the mesophyll structure is too underdeveloped. The
NIR reflectance of Clgreen Was used as a baseline because it is not sen-
sitive to chlorophyll content. The lower NIR reflectance in young leaves
would result in lower Clgreen values than expected due to the actual
chlorophyll content. This lower NIR reflectance in the leaf development
period may have caused one-way hysteresis. In a mixed temperate for-
est, the midday GPP and total chlorophyll content in the canopy
(Chleanopy) multiplied by the PAR have a linear relationship mid-season;
however, the slope of the relationship was slightly lower in mid-season
than at the start or end of the season (Croft et al., 2015). The charac-
teristics of leaf gas exchange vary in the leaf expansion period and in
mature leaves (Kosugi and Matsuo, 2006). From the seasonal patterns of
the chlorophyll content, the light-saturated photosynthetic rate (i.e.,
Pmax), maximum carboxylation rate at 20 °C (Vcmax20), and potential
electron transport rate at 20 °C (Jpax20) for B. ermanii and Q. crispula in
JP-TKY have been determined (Noda et al., 2015). The Pyax and Vemax2o
decreased approximately 10 days earlier than the chlorophyll content
and Jmax20 decreased during the senescence period. Considering these
previously reported findings, the lower photosynthetic capacity in the
leaf senescence period than in the mature leaf period, with the same
amount of chlorophyll in both periods, likely caused a one-way hyster-
esis in the leaf senescence period.

A seasonal change was clearly detected among deciduous plant
functional types (PFTs), and the relationship between Clgreen and
GP2000 was determined. By contrast, evergreen PFTs have green leaves
throughout the year, and the ranges of Clgreen and GP2000 were not
large, except at JP-FJY, where a change in leaf color was observed. For
the small ranges of Clgreen and GP2000 throughout the year, it was
impossible to determine their relationship based on data from only one
site. In this study, the Clgreen and GP2000 distributions of ENF at annual
air temperatures of —10 °C to 10 °C showed a broad linear relationship
(Fig. 6 (e)).

Theoretically, if Clgee, represents the chlorophyll content, it should
be zero when GP2000 is zero. The zero intercept of the relationship
between Clgree, and GP2000 represents this point in the relationship. A
near zero value of the intercept was observed for evergreen vegetation
types and a negative value was observed for herbaceous and deciduous
vegetation types (Fig. 6). Herbaceous and deciduous vegetation areas
have seasons with no green vegetation, resulting in similar spectral re-
flectances of withered leaves and sometimes s0il. Clgreen Was almost 1
when the GP2000 is zero, which means that the Ryr/Rgreen ratio was
close to 2. The spectral reflectance of withered leaves and soil at green
wavelengths was higher than that of green vegetation, with a Rnir/Rgreen
ratio close to 2.

Herbaceous vegetation dominated sites with higher slopes. Herba-
ceous and woody plants have a different canopy structure and light
enters the canopy differently. Peng et al. (2017) analyzed the relation-
ship between the canopy chlorophyll content and a vegetation index for
maize and soybean using hyperspectral radiometer data and found that
the relationship was the same between crops with different canopy
structures under a Clrededge- Their study of herbaceous crops is one
example of the response of a vegetation index to vegetation under
different canopy structures. The Clrededg determined with the
Sentinel-2/MSI sensor is the most promising candidate for the devel-
opment of a sensitive index of canopy chlorophyll under different
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canopy structures. In addition, the relationship between GP2000 and the
chlorophyll content of the canopy itself must be studied.

4.3. Estimation of GPP capacity from satellite data and the applicable
scope of the model

The proposed approach used LRC to estimate instantaneous GPP
capacity and was able to estimate instantaneous GPP capacity on a sub-
day scale. The diurnal variation in the instantaneous GPP observed
under high stress indicates that the photosynthesis rate increases as
increasing light intensity when weather conditions are appropriate for
photosynthesis in the morning, then high-stress conditions cause sto-
mata closure and decrease the photosynthesis rate, and after the stress
alleviated, the stomata reopen and photosynthesis rates increase again.
These phenomena were observed not only at the leaf level (Kamakura
et al.,, 2011, 2012, 2021) but also at the canopy level (Fig. 10 (al, 2;
d1)). The instantaneous GPP capacity on a sub-day scale was calculated
from LRC (Fig. 10). The parameter Py,x was estimated from Clgreen, and
Oave Was determined for each vegetation type from the flux data. The
instantaneous Flux GPP showed a drop from the instantaneous GPP
capacity (Fig. 10 (al, 2; c2; d1; g1, 2)). From this result, the instanta-
neous GPP capacity could be considered the baseline of the instanta-
neous GPP under unstressed condition. Furthermore, the midday
depression will be able to be calculated from the area between the
baseline and GPP. Thus the baseline of instantaneous GPP at the sub-day
scale is important for quantifying midday depression.

The proposed approach used GPP selected under low-stress condi-
tions using atmospheric dryness (VPD) to determine the LRC parame-
ters, although low soil water content (SWC) can affect GPP. There is
often a correlation between VPD and SWC, making it difficult to
distinguish effects on GPP reduction and canopy-level stomatal
conductance. Recently, Liu et al. (2020) reported that soil moisture (SM)
dominates dryness stress rather than VPD when studying solar-induced
fluorescence as an indicator of GPP with SM and VPD. By contrast, Kimm
et al. (2020) reported the results of a path analysis to characterize
connections among environmental variation in precipitation, SWC,
relative humidity (RH), air temperature (Ta), VPD, and canopy-level
stomatal conductance (Gs). SWC affects both RH and Ta, which both
determine VPD, which makes a dominant contribution to Gs at hourly
and daily scales at AmeriFlux sites, where soybean and corn grow in U.S.
Corn Belt. Furthermore Fu et al. (2022) reported that both GPP and Gs
had negative sensitivity to increasing VPD across the entire range of
SWC at 15 sites major ecosystems sites across Europe over a 5-year
period that included extreme summer drought, and showed negative
sensitivity to decreasing SWC mainly at a restricted range of low SWC
values. Based on these findings, we considered it reasonable to select less
water stress data based on VPD at the diurnal scale, as canopy-level
stomatal closure responds to increased VPD and VPD reflects
decreased SWC.

Vegetation at high latitudes grows under low temperatures. The
example of May at the RU-YLF site included a low air temperature in the
early morning, as shown in Fig. D1. Early morning leaf and air tem-
peratures were cooler and solar radiation intensity was lower, possibly
preventing stomatal opening. This issue must be addressed in future
studies.

Lin et al. (2024) reported significant spatial heterogeneity in average
LRC parameters during the growing season, varying with plant species
and vegetation cover due to geographic variation in environmental
factors. Clgreen, derived from satellite sensor data, was closely linked to
canopy chlorophyll content and reflected vegetation cover and density
across different regions, indicating its potential to capture plant re-
sponses to environmental conditions. In our study, the relationship be-
tween Clgreen and GP2000, which is important for determining the LRC
parameter Pp,x, was applicable to the same vegetation groups, even of
different continents, which is likely advantageous for obtaining LRC
parameters in various geographic regions globally. When estimating the
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GPP capacity using this relationship, the estimation error would be
larger than that determined at size-restricted sites, as shown in Fig. 7.
For a particular region, it would be better to use relationships specific to
that region to reduce the estimation error.

Plant responses to climate change are complex due to diurnal
weather variation, in addition to regional annual mean variation. The
decrease in instantaneous GPP diurnal variation can be considered a
plant response to diurnal weather variation. Instantaneous GPP capacity
can be considered a baseline that is independent of diurnal drought. It
remains unclear whether changes in GPP under climate change depend
on those in the baseline or the diurnal decrease in photosynthesis. The
proposed approach could be used to examine changes in the GPP base-
line using satellite observations; furthermore, it can also be applied
under severe stress conditions at sub-daily time scales. For such future
applications, the midday depression and instantaneous GPP would be
derived using the proposed GPP capacity combined with independent
stress factor data. For example, canopy-level stomatal regulation would
be measurable using high-frequency thermal sensing data obtained by
meteorological satellites, with recently improved spatial resolution.

5. Conclusions

This study investigated the LRC parameters and the relationship
between GP2000 and Clgee, across 16 sites spanning tropical to sub-
arctic climates on the Eurasian and North American continents. The
average initial slope of the LRC during the growing season was
0.0003-0.0021 mgCO, (pmol photon) L. A linear relationship between
GP2000 (mgCO, m~2 s71) related to Ppay and Clgreen, which is sensitive
to canopy chlorophyll content, was observed in most vegetation types,
except for deciduous broadleaf forests, where hysteresis occurred. The
relationship was strongest in herbaceous-dominated sites, such as open
shrubland, savanna, and cropland, with the slope highest at 0.40. Woody
plant sites exhibited lower slopes, with the next highest value of 0.24
found in deciduous needleleaf forests, and values ranging from 0.15 to
0.18 for other vegetation types (deciduous broadleaf forest, evergreen
needleleaf forest, evergreen broadleaf forest). The intercept tended to be
negative for deciduous vegetation and close to zero for evergreen types.

The yearly GPP/GPP capacity ratio was close to one at the canopy
level. When applied to satellite data, the method produced seasonal
patterns in daily GPP capacity that were similar with MODIS GPP
products and Flux GPP. The diurnal variation in instantaneous GPP ca-
pacity showed that under high dryness, Flux GPP decreased around noon
but was nearly identical to GPP capacity in the early morning and late
afternoon. Instantaneous GPP capacity can be considered a baseline for
stress-free conditions, crucial for quantifying midday depression at sub-
day scales.

Further research should focus on developing more sensitive indices,
such as those based on the red-edge band or total canopy chlorophyll
content. The proposed method has potential applications under severely
stressed conditions and at sub-daily time scales. High-frequency thermal
sensing data from meteorological satellites with improved spatial reso-
lution could be used to measure canopy-level stomatal regulation,
enhancing our understanding of instantaneous GPP under varying
environmental stresses.
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Based on the flux data from Siberia, GPP was calculated using net ecosystem production (NEP) plus ecosystem respiration (Rec), as follows:

GPP(Tair) = NEP + Rec(Tair)

(A1)

Where Rec is plant respiration plus soil respiration as a function of air temperature (Ty;,). The nighttime Rec was calculated as an exponential function

of T, to fit nighttime NEP as a function of Ty, as follows:

ReC(Tair) = anP(bTair)

(A.2)
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Where a and b are empirical constants determined through regression, with b related to the temperature coefficient and the Rec considered at 0 °C.
Nighttime data were selected when the friction velocity was higher than 0.2 ms™! and the relative humidity was less than 100% for data with NEP >0.
The parameters a and b for the YLF site were 0.068 + 0.002 and 0.029 + 0.02, respectively, and those for the YLP site were 0.065 + 0.002 and 0.039
+ 0.003, respectively.
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Fig. B1. Seasonal changes in GP2000 for (a) open shrubland (OSH), (b) savanna (SVA), (c) grassland (GRA), (d) cropland (CRO) rice paddy, (e) closed shrubland
(CSH) of permanent wetland, (f) deciduous broadleaf forest (DBF), (g) deciduous needleleaf forest (DNF), (h, i) evergreen needleleaf forest (ENF), and (j) evergreen
broadleaf forest (EBF).
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Fig. D1. Air temperature and VPD for 16 days from DOY 145 to 161 at the YLF site.
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