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ABSTRACT

Seasonal variations of photosynthetic capacity parameters, notably the maximum carboxylation rate, Vemax,
play an important role in accurate estimation of CO, assimilation in gas-exchange models. Satellite-derived
normalised difference vegetation index (NDVI), enhanced vegetation index (EVI) and model-data fusion can
provide means to predict seasonal variation in V.. In this study, V ma.x was obtained from a process-based
model inversion, based on an ensemble Kalman filter (EnKF), and gross primary productivity, and sensible
and latent heat fluxes measured using eddy covariance technique at two deciduous broadleaf forest sites and a
mixed forest site. Optimised V..« showed considerable seasonal and inter-annual variations in both mixed and
deciduous forest ecosystems. There was noticeable seasonal hysteresis in V. in relation to EVI and NDVI
from 8 d composites of satellite data during the growing period. When the growing period was phenologically
divided into two phases (increasing VIs and decreasing VIs phases), significant seasonal correlations were
found between Vmax and Vs, mostly showing R? >0.95. Vpax varied exponentially with increasing VIs during
the first phase (increasing VIs), but second and third-order polynomials provided the best fits of V .x to VIs
in the second phase (decreasing VIs). The relationships between NDVI and EVI with V.« were different.
Further efforts are needed to investigate V. ax— VIs relationships at more ecosystem sites to the use of satellite-
based VIs for estimating V pax-

Keywords: V nax, Spectral vegetation indices, ensemble Kalman filter, BEPS model

1997). In applications of Farquhar’s model (Farquhar et al.,
1980; Chen et al., 1999; Kimbeall et al., 2000), the saturated
or maximum rate of Rubisco carboxylation, V..., has
been generally accepted as the measure of photosynthetic
capacity, which is a pivotal parameter in models simulating
photosynthesis. Evidence increasingly indicates that large

1. Introduction

Carbon, water and energy exchanges between ecosystems
and the atmosphere play an important role in the earth’s
climate. Terrestrial ecosystem models are important tools
for understanding and simulating the behaviour of land
ecosystems and their responses to various disturbances
(Lu et al., 2013). Photosynthesis, one of the major com-
ponents of the terrestrial carbon cycle, is a crucial factor in
an ecosystem carbon cycle (Field et al., 1995; Sellers et al.,

seasonal and inter-annual variations in V ., Occur in ter-
restrial ecosystems, especially in deciduous forests (Wilson
et al., 2000; Xu and Baldocchi, 2003; Wang et al., 2008b).
In most models, however, V ,.x has simply been assumed
to be a constant, specific only to vegetation types, without
seasonal variation (Stickan et al., 1994; Vonstamm, 1994;
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Bonan, 1995; Hoffmann, 1995). Ignoring seasonal varia-
tion in Vg in models can result in a large deviation in
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simulated carbon uptake (Tu, 2000; Wilson et al., 2001;
Kosugi et al., 2003; Wang et al., 2004b).

The traditional way to obtain V..« is from direct gas-
exchange measurements on leaves, branches or whole plants
in specially designed cuvettes (Xu and Baldocchi, 2003;
Grassi et al., 2005; Misson et al., 2006; Fan et al., 2011).
However, direct measurements are not operational in
spatial or long-term applications due to the intensive labour
and time requirements of the work. The model-data fusion
technique can provide an effective way to optimise season-
ality in V.. Wang et al. (2004a) proposed an alternative
approach to determine V... seasonality by inverting a
detailed process-based model. Wang et al. (2007) estimated
Vemax 1n a land surface model by applying nonlinear
inversion technique to eddy covariance (EC) measurements
of gross primary photosynthesis (GPP). Santaren et al.
(2007) have shown that model parameters related to photo-
synthesis were well resolved by EC-measured GPP. Mo
et al. (2008), using EC measurements, found that data
assimilation using an ensemble Kalman filter (EnKF) can
successfully track the seasonal and inter-annual variation in
parameters related to photosynthesis. Ju et al. (2010) also
found that site-specific V.yax could be optimised well by
using EC-measured carbon and water fluxes and EnKF.
However, using site-specific static parameter values may
not lead to accurate estimation of regional-scale C fluxes
(Wang et al., 2007). Therefore, a simpler alternative method
capable of describing seasonal variations in V u.y is needed
for improving the estimation of regional carbon fluxes.

Canopy and leaf properties obtained through multi-
spectral digital imaging at different spatial and temporal
scales provide an effective way to obtain photosynthetic
capacity. Leaf pigments link photosynthesis to leaf spectral
properties and absorbed photosynthetically active radia-
tion. Accurate leaf pigment content can be acquired from
leaf reflectance spectra in visible and near infrared regions
(Gamon and Surfus, 1999; Gitelson et al., 2009). Research
has shown that remotely sensed reflectance can provide
a useful data source to sense photosynthetic capacity be-
cause of the linkage of reflectance with canopy photosyn-
thesis (Gamon et al., 1995; Carter, 1998; Choudhury, 2001;
Dobrowski et al., 2005). A variety of vegetation indices
have been used that can be related to photosynthetic capa-
city, notably the normalised difference vegetation index
(NDVI), and the enhanced vegetation index (EVI) (Wang
et al., 2009; Jin et al., 2012; Muraoka et al., 2012; Houborg
et al., 2013).

In spite of broad acceptance that vegetation indices (VIs)
can potentially track seasonal variation in photosynthetic
capacity, there are few studies that directly demonstrate the
correlation between V.« and various VIs. Studies by Wang
et al. (2008a, 2009) and Jin et al. (2012) revealed noticeable
inconsistencies in the relationship between V., and VIs

in certain periods, for example, V.na.x increasing with
increasing VIs in spring and then decreasing or remaining
steady with further increase of VIs. Stronger relationships
might be obtained by allowing for hysteresis or asymmetric
Vemax— VI relationships. Muraoka et al. (2012) found better
relationships between Vi n.x and LAI for a deciduous
broadleaf forest by splitting the growing period into two
phases. But, these relationships that exclude the inherent
correlation between LAI and VIs need further investigation.
In this study, V.nax Was optimised using the process-based
Boreal Ecosystem Productivity Simulator (BEPS) model
with an EnKF and using EC-measured GPP, latent heat
(LE) and sensible heat (SH) fluxes in two broadleaf forest
stands and one mixed forest stand. These V .x values were
then related to NDVI and EVI. The main objectives of this
investigation were to: (1) study seasonal and inter-annual
variations in V. in deciduous and mixed forests; and (2)
analyse the correlation between V.« and VIs and, more
importantly, the seasonal V,.x—VIs relationships.

2. Materials and methods

2.1. Site description

Three forest FLUXNET sites are located in temperate
climates at mid-latitudes, two with deciduous broadleaf
stands and one with a mixed forest stand, were selected for
this study. These were a mixed forest ecosystem at the
Changbai Mountain Station site (CBS) in China, and two
deciduous broadleaf forest ecosystems, an old aspen (SKOA)
stand at the Prince Albert National Park, Canada, and the
University of Michigan Biological Station site (UMBS),
USA. Details of site information are listed in Table 1.
The CBS site (42°24'9"N, 128°05'45"E) is located at the
Changbai Mountain, northern China, which is influen-
ced by the monsoons and typical characteristics of mid-
latitudinal upland climate. Annual mean temperature is
0.9-4.0°C, and annual mean precipitation is 600—810 mm
(evaluated over a period of 20 yr). The area is covered by a
200-yr-old, multistoried, uneven-aged, multispecies mixed
forest consisting of mainly Korean pine (Pinus koraiensis),
Tilia amurensis, Acer mono, Fraxinus mandshurica, Quercus
mongolica and 135 other species (Yu et al., 2008; Zhang
et al., 2009). The SKOA site (53°3712"N, 106°1124"W) is
located in Prince Albert National Park, Saskatchewan,
Canada, at an altitude of approximately 600 m. Flux
measurements have continued there since 1994. The mean
annual air temperature at SKOA is 0.4°C, and annual
precipitation is 467 mm (Gower et al., 1997). The dominant
tree species at this 73-yr-old 22 m high (in 2000) stand is
trembling aspen (Populus tremuloides Michx.) (Krishnan
et al., 2006; Mo et al., 2008). The UMBS site (45°33'35"N,
84°42'50"W) is located in the transition zone between mixed
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Table 1.

Site description including name and location (latitude and longitude), canopy height, duration of measurements, stand age,

dominant species composition, and references for each flux site in this study

Latitude, Canopy Stand age Dominant species
Site Country longitude height (m)  Time span (years) composition References
CBS China 42°24’9"N, 26 2003-2005 200 Pinus koraiensis, Tilia Yu et al., 2008;
128°05’45"E amurensis, Acer mono, Zhang et al., 2009
Fraxinus mandshurica,
Quercus mongolica
SKOA Canada 53°37'12"N, 23 2000-2002 74 Trembling aspen, Populus Gower et al., 1997,
106°1124"W tremuloides Michx. Krishnan et al., 2006;
Mo et al., 2008
UMBS  America  45°33’35"N, 22 2000-2002 90 Populus grandidentata Michx., Curtis et al., 2005;
84°42'50"W Quercus rubra L. Fagus Gough et al., 2013

grandifolia Ehrh., Acer rubrum
L. and Pinus strobus L.

hardwood and boreal forests in northern lower Michigan,
USA. Within a 1 km radius of the meteorological tower the
forest is a secondary successional mixed northern hard-
wood forest. Dominant species consist of bigtooth aspen
(Populus grandidentata Michx.), northern red oak (Quercus
rubra L.), American beech (Fagus grandifolia Ehrh.), red
maple (Acer rubrum L.) and white pine (Pinus strobus L.)
(Gough et al., 2013). Canopy height is approximately 22 m
with average tree age of 90 yr (in 2013). Mean annual tem-
perature (1942-2003) is 5.5°C, and mean annual precipita-
tion is 817 mm (Curtis et al., 2005).

2.2. Data sources

Meteorological and flux data used were taken from China-
FLUX for CBS and from global FLUXNET database
(http://fluxnet.ornl.gov/) for the other two sites. Measure-
ments taken from January 1, 2003, to December 31, 2005, at
CBS, January 1, 2000, to December 31, 2002, at SKOA, and
January 1, 2000, to December 31, 2002, at UMBS were
used. This encompassed a 2-yr (2001-2002) drought period
at SKOA, and 2-yr (2001-2002) period of low tempera-
tures at UMBS, thereby allowing the investigation of VIs
versus Vemax relationships under these abnormal climate
conditions.

2.2.1. Meteorological data. The half-hourly meteorological
data, including incoming solar radiation, air temperature,
relative humidity, wind speed, and precipitation were used
to drive the BEPS model. Gaps in meteorological data were
filled in the following way: short gaps up to three hours
were filled with linear interpolation; gaps up to 4 d were
filled with average values at particular times of the day in a
14 d moving time window around the gap as explained in
Falge et al. (2001a). Larger than 4 d gaps were filled with

respective values averaged over the available time series
following the procedure of Horn and Schulz (2011).

2.2.2. Flux data. EC measurements of GPP, SH and LE
(half-hourly values) were used for parameter optimisation.
Missing data in the time series of SH and LE were gap filled
with look-up tables (LookUp) as defined in Falge et al.
(2001b). GPP was calculated from the measured net
ecosystem production (NEP) as follows ecosystem respira-
tion (Re) was calculated using the Lloyd & Taylor relation-
ship (Lloyd and Taylor, 1994) between night-time NEP and
soil temperature under turbulent conditions, and the GPP
was calculated as the sum of daytime NEP and Re (Desai
et al., 2008).

2.2.3. MODIS data. Composite 8 d MODIS reflectance
products (MODO09A1 V05) at 500 m spatial resolution were
used to analyse the seasonal and inter-annual variations in
NDVI and EVI for the three sites. NDVI and EVI were
calculated as

Puir — Pred
Prir t Prea
Prir — Pred
Puir (6 X Prog — 1.5 X ) + 1

NDVI = (1)

EVI=2.5x

2

where p,ir, Pres» and ppn. are reflectance in the near
infrared, red and blue band, respectively.

Calculated NDVI and EVI were further smoothed using
a locally adjusted cubic-spline capping (LACC) method
(Chen et al., 2006) to remove unrealistic fluctuations caused
by residual cloud contamination and atmospheric noise.

2.3. BEPS model

Originating from the FOREST-BGC model (Running and
Coughlan, 1988), the BEPS model (Chen et al., 1999) is a
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process-based model that includes energy partitioning,
photosynthesis, autotrophic respiration, soil organic matter
(SOM) decomposition, hydrological processes and soil heat
transfer modules. In the model, GPP was the total net
photosynthesis rates of sunlit and shaded leaves, calculated
using the leaf level Farquhar model (Farquhar et al., 1980).
The simulation of net photosynthesis rates of the sunlit and
shaded leaves is coupled to leaf stomatal conductance by
the Ball-Woodrow—Berry model (Ball et al., 1987). BEPS
has been successfully used to estimate carbon and water
fluxes regionally and globally (Grant et al., 2006; Chen
et al., 2012; Schaefer et al., 2012), and also to optimise
seasonal variations in photosynthetic parameters, including
Vemax for a subtropical evergreen coniferous plantation
(Ju et al., 2010) and broadleaf forest (Mo et al., 2008).
Details about the model are described in Ju et al. (2006).

Model input data include atmospheric variables, such as
temperature, precipitation, wind spend, relative humidity,
solar irradiance, vegetation type, stand age, canopy clump-
ing index, texture and physical properties of soil. The
model outputs include GPP, NEP, autotrophic and hetero-
trophic respiration, net radiation, LE and SH, soil moisture
and temperature profiles. The simulation time step was set
at 30 min.

2.4. Parameter optimisation

Model parameter optimisation was implemented using a
dual state-parameter estimation method based on the EnKF
(Reichstein et al., 2003; Aalto et al., 2004; Moradkhani
et al., 2005; Mo et al., 2008; Ju et al., 2010). The parameter
ensembles are updated as:

0?11 =0 +K' (y§+1 *JA’;'+1) 3)

141

where Gﬁil is the updated parameter ensemble at time step

t+1; 9’;1 the parameter sample generated with an assump-
tion that model parameters follow a random walk in pres-
cribed space (Moradkhani et al., 2005); K"i] is the Kalman
gain matrix for correcting parameter trajectories; and y’,,
and !, are the ensemble members of observations and
predictions, respectively.

Parameter sample 0, is taken as:

0, =0/ + 7,1 ~ N(0,%0) )

In eq. (3), the Kalman gain matrix K,‘: is calculated as:

Oy vy ) —1
KzHH = Zm [Z:+1 + Ziﬂ} (5)

oy . .

where Y%, is the cross covariance between parameter
ensemble and prediction ensemble; > )7, is the error
. . C v
covariance matrix of the prediction y;,; and >}, is the

error covariance of observation.

2.5. Parameters optimised and ensemble

The sensitivity analysis showed that four parameters, namely,
Vemax> Jmax (1.€., electron transport capacity), the slope in the
modified Ball-Berry model (M) and the coefficient deter-
mining the sensitivity of stomatal conductance to atmo-
spheric water vapour deficit (Dy) had significant impacts
on simulated GPP, LE and SH. As J,,,.x could be calculated
from Vi nax in the BEPS model (Chen et al., 1999), we
optimised V.., M and Dy in this study. The ranges and
standard deviations of these parameters are listed in Table 2.
Estimation of observational errors is important in EnKF
data assimilation because the observational errors deter-
mine the degree to which the parameters and simulations are
to be corrected (Mo et al., 2008).

Furthermore, earlier studies have shown that observa-
tional errors in flux data are correlated to flux magnitudes
(Lasslop et al., 2008; Richardson et al., 2008). While Elbers
et al. (2011) found that the uncertainty of measured NEP
of a mid-latitude temperate pine forest was about 8%.
Goulden et al. (1996) found that in the Harvard Forest
Monte Carlo simulations and the surface energy budget indi-
cated a uniform systematic error of —20 to 0%. Typically,
the overall accuracy of EC fluxes is in the range of 10-20%
(Wesely and Hart, 1985; Santaren et al., 2007). Based on
these studies, we set the uncertainties in half-hourly values
of measured GPP, LE and SH at 10% and assumed these
to be independent of one another. Also, Mo et al. (2008)
found that when the ensemble size was larger than 100,
the predicted fluxes were quite similar and the updated
parameters reached approximately stable values. Thus, an
ensemble size of 200 was used in this study. The three
parameters were optimised when measured GPP, LE and
SH were available and updated by applying cumulative
corrections. Updated parameters were used to simulate
fluxes at half-hourly time steps for the following days until
the next parameter optimisation was conducted.

3. Results

3.1. Seasonal variation of environmental variables

Average 8 d air temperature, T,, cumulative 8 d solar radia-
tion, S, and 8 d average vapour pressure deficit, VPD, during

Table 2. Standard deviations and ranges of model parameters
optimised

Symbol Unit Standard deviation Range
Vemax pmol m ~2 s ! 4 8—60
M Dimensionless 0.8 2-16
Dy kPa 0.15 1.1-2.2
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the measurement period at the three sites are displayed
in Fig. 1, and monthly cumulative precipitation (PPT) is
shown in Fig. 2. T, showed typical seasonal variation with
maximums in August and minimums in January at all three
sites. SKOA and UMBS depicted stronger solar irra-
diance than that at CBS, where S, increased slowly during
January and April, stayed relatively steady during April to
August, and finally decreased slowly to the end of the year.
At SKOA and UMBS, S,, increased rapidly to maximum
values in July and August, and then decreased rapidly
towards the end of the year. While VPD at CBS was the
highest in May and much lower during the rest of growing
season, it remained high from the beginning of May to the
end of August at SKOA and UMBS. Seasonal variation in
T, tended to match the trend in precipitation at CBS during
2003-2005 and at SKOA in 2000. In contrast, there were
droughts in the summer of 2001 and 2002 at SKOA. At
UMBS, precipitation was almost uniformly distributed
from April to November except for very high precipitation
in August of 2000.

3.2. Seasonal changes in VlIs

Figure 3 (a—i) shows the seasonal changes in NDVI and EVI
from MODIS. At CBS, over all 3 yr, NDVI increased from
Day of Year (DOY) 121 to the maximum on DOY 169, kept
relatively steady during DOY 169241, and then decreased.
At SKOA, NDVI showed similar seasonal changes to that
at CBS, that is, a rapid increase in spring to a maximum
in early summer, remaining steady from DOY 169-241, and
finally decreasing. At UMBS, similar seasonal changes oc-
curred, but the steady condition lasted longer (DOY 161—
257) than that at CBS and SKOA. Overall, NDVI time
series at the three sites were distinguishable by prolonged
constant high values and asymmetric patterns.

At CBS, EVI exhibited similar seasonal changes in all
3 yr, increasing from early spring (DOY 121) to a maxi-
mum in mid-summer (DOY 185) and decreasing thereafter.
During the period of increase (DOY 121-185), EVI was the
highest in 2004 and lowest in 2005. During the period of
decrease (DOY 185-289), EVI was the highest in 2005 and
lowest in 2003. At SKOA, EVI increased rapidly at first,
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Fig. 1.
pressure deficit, VPD (g—i), for CBS, SKOA and UMBS.
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The seasonal variations in 8 d average air temperature, T, (a—c), cumulative 8 d solar radiation, S, (d—f), and 8 d average vapour
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Fig. 2. Monthly cumulative precipitation, PPT: at (a) CBS, (b) SKOA and (c) UMBS.

reaching the highest on DOY 193 in 2000, and DOY 185
in 2001 and 2002. During the period of increase (DOY
121-185/193), EVI was the highest in 2001 and the lowest
in 2002. During the period of decrease (DOY 193-289),
there were almost no differences among the EVI trends
in the 3 yr. At UMBS, EVI increased at first, reached a
maximum in June (during DOY 169-185) of each year, and
then decreased slowly. During the period of increase, EVI
in 2000 and 2001 was higher than in 2002, and during the
decreasing phase, EVI values in 2000 and 2001 were lower

than in 2002. Overall, in comparison to NDVI, EVI had no
prolonged periods with constant high values at the three
sites, and the timing of each seasonal EVI peak was
different, as was the EVI behaviour in the summer.

3.3. Inter-annual and seasonal variations of 'V ,ax

In the EnKF data assimilation process, the parameters
were updated daily. Since there were some fluctuations in
the optimised parameters at daily time steps, the seasonal
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Fig. 3.
UMBS during 2000-2002.

Seasonal changes in NDVI, EVI and V. (a—c) for CBS during 2003-2005; (d—f) for SKOA during 2000-2002; and (g—i) for
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variation in the parameter values was represented with
their 8 d averages to coincide with the MODIS spectral
vegetation indices. The growing season at CBS, SKOA and
UMBS spanned over DOY 120-270 (Guan et al., 2006),
DOY 120-270 (Mo et al., 2008) and DOY 130-279 (Gough
et al., 2008), respectively. At UMBS, cooler temperatures in
2002 than in 2001 resulted in a considerably delayed (by
20 d) leaf expansion (Gough et al., 2008). Therefore, V max
during DOY 121-289 was considered as the growing
season V..« at the three sites in the present study.

Figure 3 (a—i) shows the 8 d averaged Vimax from DOY
121-289 at the three sites. At CBS, V max sShowed obvious
seasonal variations but almost no inter-annual variation
during 2003-2005. It increased slowly from 8.0 pmol m 2
s ! with leaf expansion in early spring to a maximum of
32.6 pmol m =2 s~ in mid-summer (DOY 217) and then
decreased slowly until late autumn (DOY 289). At SKOA,
Vemax Showed inter-annual and seasonal variations. In
2000, 2001 and 2002, the peak values of V .x were 58.4,
50.5 and 47.3 pmol m ~2 s~ !, respectively, which occurred
in mid-September (DOY 257). Vipax in 2002 during DOY
177-257 was much lower than that in 2000 and 2001. This
is consistent with the fact that the drought effect in 2002
was more severe than 2001 because stored soil water in
2001 very much minimised any drought effect in that year
(Krishnan et al., 2006). At UMBS, V ..x also showed inter-
annual and seasonal variations during 2000—2002. In 2000,
Vemax increased from the early spring (DOY 121) to the
beginning of June (DOY 185) and then decreased slightly
during June and July (DOY 185-208). Thereafter, it started
to increase again at the beginning of August (DOY 217)
and approached a second maxima of 35.1 pmol m ~2 s !
at the end of September (DOY 265) before decreasing to
about 8 pmol m 2 s~ ! on DOY 288. In 2001, V nax varied
similarly to that in 2000, while the second maxima of 30.6
pmol m ~2 s ™! occurred slightly earlier at the beginning of
September (DOY 241). In 2002, V pay during summer and
autumn was much higher than that during the same period
of 2000 and 2001 with a maximum value of 39.2 pmol m ~>
s ! occurring at the beginning of October (DOY 273).
However, during spring, it was clearly lower in 2002 than
that in 2000 and 2001.

3.4. Performance of the optimised BEPS model in
Sfluxes simulation

Figure 4 (aa—ci) shows the comparisons of simulated daily
GPP, LE and SH with corresponding observations at the
three sites. The simulated fluxes presented were the averages
of 200 ensemble predictions. With the optimised parameters,
BEPS explained, on average, 87-90%, 79% and 79-87% of
variations in measured daily LE, SH and GPP, respectively,

at CBS, 89-91%, 78-79% and 80-81% at SKOA, and
85-93%, 80-90% and 79-85% at UMBS, respectively. The
results indicated that the model closely tracked daily values
of measured carbon and energy fluxes in most cases. The
statistics for the comparison are presented in Table 3. The
slopes and intercepts of regressions between simulated GPP,
SH and LE and observations are all close to 1.0 and 0.0,
respectively, indicating the excellent ability of the optimised
BEPS model to simulate carbon and energy fluxes at these
three sites.

3.5. Relationships between satellite-based NDVI,
EVI and optimised V 4

As VlIs increased from spring to mid-summer, V.., also
depicted similar behaviour (Fig. 5). However, while VIs
kept steady or decreased during July and September,
Vemax continued to increase first and then decreased with
decreasing VIs. The maximum VIs mainly occurred during
DOY 185-193. The growing season was split into two
phenological seasons: first phase of increasing VIs from
early spring to mid-summer (DOY 121-193) and second
phase of decreasing VIs from mid-summer to early winter
(DOY 193-289). There were 22 data pairs for V yax and
VIs across the whole growing season at each site in every
year, including 10 pairs for the first phase and 12 pairs for
the second phase.

The relationships between Vi y.x and VIs (NDVI and
EVI) were examined to investigate the predictability of
Vemax from VIs as shown in Fig. 5 for CBS, Fig. 6 for SKOA
and Fig. 7 for UMBS. There are four clear patterns in the
relationships between V., and VIs, namely, exponential,
and first-, second-, or third-order polynomials. The func-
tions with the highest R? were chosen, and the best regres-
sion models between V., and VIs are shown in Table 4.

Figure 5 shows the relationships of V.., with NDVI
(Fig. 5aa—ai) and EVI (Fig. Sba-bi) at CBS. Both in the
first and second phases, Vi max showed significant rela-
tionships with NDVI (p <0.001, R* =0.94-0.99) and EVI
(p <0.001, R* =0.95-0.99) during 2003-2005 (Table 4). In
2003 and 2005, the relationships between V y.x and NDVI
were exponential in both the first and second phases, but in
2004, the relationship was exponential in the first phase and
polynomial in the second phase. V .x Varied exponentially
with EVI in the first phase and polynomially in the second
phase during the 3 yr.

Figure 6 demonstrates the relationships between V pax
and NDVI (Fig. 6aa—ai) and EVI (Fig. 6ba—bi) at SKOA.
Both in the first and second phases during 2000-2003,
Vemax Was  significantly correlated with NDVI (p <
0.001, R?=0.88-0.99) and EVI (p <0.001, R> =0.88-0.99)
(Table 4). V nax varied exponentially with VIs (NDVI and
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Table 3.
LE (W m ~2) and SH (W m 2

Statistics of the linear regression (Y =aX +b) between observed (as Y) and simulated (as X) daily fluxes of GPP (g Cm ~2d 1),

Parameters optimised using EnKF

Site ITEM Year a b R? RMSE
CBS GPP 2003 0.85 1.00 0.89 3.09
2004 0.89 0.92 0.90 2.99

2005 0.87 1.14 0.87 2.99

SH 2003 1.11 —2.61 0.79 25.13

2004 1.01 —1.49 0.79 24.46

2005 0.89 4.64 0.79 24.60

LE 2003 0.91 5.99 0.87 28.92

2004 0.92 7.63 0.80 26.15

2005 0.89 7.99 0.79 24.68

SKOA GPP 2000 0.80 0.56 0.91 4.08
2001 0.82 1.00 0.91 4.03

2002 0.92 0.46 0.89 3.52

SH 2000 0.81 2.28 0.78 37.14

2001 0.92 —1.76 0.78 28.92

2002 0.89 —3.19 0.79 47.43

LE 2000 0.93 3.92 0.81 36.41

2001 1.04 421 0.80 37.65

2002 1.01 3.25 0.81 29.09

UMBS GPP 2000 0.86 1.24 0.86 3.11
2001 0.82 0.62 0.85 3.10

2002 0.85 0.11 0.93 3.95

SH 2000 1.05 —18.96 0.90 45.24

2001 0.85 —10.54 0.80 35.81

2002 0.93 —9.29 0.82 40.28

LE 2000 0.88 —1.09 0.79 33.63

2001 0.81 —5.54 0.82 35.28

2002 0.86 —6.44 0.85 43.65

EVI) in the first phase, and polynomially in the second
phase in all 3 yr.

Figure 7 shows the relationships of V .x with NDVI
(Fig. 7aa—ai) and EVI (Fig. 7ba—bi) at UMBS. V.« was
significantly correlated with NDVI and EVI, especially in
the first phase (Table 4). EVI performed better than NDVI
in predicting Vemax. Similar to that at SKOA, V.« varied
exponentially with VIs (NDVI and EVI) in the first phase,
and polynomially in the second phase at UMBS.

4. Discussion

4.1. The seasonal hysteresis of V ux to NDVI
and EVI

The relationships between V.« and VIs have been studied
earlier by Wang et al. (2008a, 2009) and Jin et al. (2012).
However, coefficient of determination was relatively low
(most R? <0.8) because they ignored the hysteresis of Vi pax
in relation to VIs. In our study, the seasonal hysteresis of
Vemax 10 relation to NDVI and EVI was apparent at the

three sites, as V.mayx increased relatively slowly from spring
to mid-summer with increasing VIs and continued increasing
even with the VIs keeping steady or deceasing during July
and September. Accordingly, the relationships between
Vemax and VIs improved greatly (most R? >0.95) when the
growing period was divided into two phases. The hysteresis
of Vemax 1n relation to VIs could be mainly due to a hys-
teresis between the leaf chlorophyll content and VIs. It was
well known that chlorophyll is one of the more important
foliar biochemicals related to the presence of photosynthe-
tic biomass, which is conceptually related to GPP (Sellers
et al.,, 1992) and V p.x. Also, Dash and Curran (2004)
indicated that there was an asymptotic relationship be-
tween NDVI and leaf chlorophyll content, Harris and Dash
(2010) found that there was a time lag between EVI and
GPP, and Shen et al. (2014) also found that EVI failed to
closely capture the seasonal changes in canopy photosyn-
thesis in many ecosystems. The time lag or an asymp-
tote between VIs and V..« probably results in different
variations patterns of V.., with VIs during the increasing
and decreasing VlIs, respectively.
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4.2. The potential of satellite-based Vs for V.« narrow band VIs at the site scale. In the study of Jin et al.
estimation (2012), satellite-based VIs (MODIS VIs) were used as indi-
Previous studies mainly established the relationships be- cators for V pax, but noise in MODIS VIs was adjusted with

tween Vgnay and ground-based broadband and hyperspectral ground-based narrow band VIs so that the combination
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of ground-based narrow band VIs and MODIS VIs could identified when considering the hysteresis of V pax to VIs.
be used to estimate V ,.x. However, it was still not clear This indicates that MODIS VIs can be used for estimating
if the satellite-based VIs without ground-based VIs as Vemax at regional or global scales, at least for mixed and
supplements could be used to estimate V.. In this study, broadleaf forests. Furthermore, the well-known saturation
the close relationship between V..« and MODIS VIs was effect of NDVI would have caused it to stay at constant
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high values despite decreases in canopy greenness. The period (relatively stable NDVI but a steep decrease in EVI)
timing of the slightly different seasonal maxima of NDVI would have influenced relationships between V.« and VIs
and EVI and also different behaviours of VIs in summer (NDVI and EVI).
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2,

Table 4. Regression results of Vi pax (y, pmol m ™~
shown, and the highest R? and significance level are indicated

s 1) with vegetation indices (NDVI and EVI). Only the best regression models are

Site Vs Phase Regression equation R? P
CBS NDVI First-2003 y=7.18+3.0781E —005exp(15.23x) 0.99 p <0.001
Second-2003 y =6.20+0.08exp(6.52x) 0.98 p <0.001
First-2004 y =8.52+2.5761E —007exp(19.94x) 0.99 p <0.001
Second-2004 y=—9.574+30.36x+11.37x* 0.99 p<0.001
First-2005 y =6.65+0.004exp(9.66x) 0.94 p <0.001
Second-2005 y =7.40+0.005exp(9.53x) 0.96 p<0.001
EVI First-2003 y =5.73+0.14exp(8.10x) 0.95 p<0.001
Second-2003 y =47.34 —438.12x + 1468.61x> — 1316.60x° 0.98 p <0.001
First-2004 y =8.30+1.0102E —005exp(22.90x) 0.98 p <0.001
Second-2004 y =13.42 —111.80x+530.35x> — 510.84x> 0.99 p<0.001
First-2005 y =5.05+0.68exp(5.56x) 0.97 p <0.001
Second-2005 y =27.55—210.00x +647.11x> —472.75x> 0.99 P <0.001
SKOA NDVI First-2000 y =8.45+0.002exp(10.25x) 0.95 p<0.001
Second-2000 y= —277.84+855.21x —552.33x> 0.96 p <0.001
First-2001 y =6.52+0.003exp(10.06x) 0.88 p <0.001
Second-2001 y = —234.284724.57x —463.69x> 0.96 p <0.001
First-2002 y =5.22+0.88exp(3.51x) 0.99 p <0.001
Second-2002 y =7207.25+7207.25x + 38384.699x> — 16744.62x° 0.96 p<0.001
EVI First-2000 y =4.37+1.13exp(5.17x) 0.99 p <0.001
Second-2000 y = —77.65+530.93x —547.28x> 0.94 »<0.001
First-2001 y = —4.86+5.06exp(2.99x) 0.97 p <0.001
Second-2001 y = —79.73+541.62x — 575.89x> 0.95 p <0.001
First-2002 y = —16.85+21.22exp(1.17x) 0.99 2 <0.001
Second-2002 y =45.32 —531.36x+2127.73x> +2163.54x> 0.88 p<0.001
UMBS NDVI First-2000 y =7.34+0.0002exp(12.62x) 0.98 p <0.001
Second-2000 y =1537.02 — 6582.46x +9256.88x> —4229.02x° 0.80 p <0.005
First-2001 y =3.69+0.03exp(7.73x) 0.80 p<0.001
Second-2001 y = —306.67+830.96x —511.65x> 0.93 p <0.001
First-2002 y =8.141+5.2163E — 006exp(16.80x) 0.99 p <0.001
Second-2002 y = —505.51+1303.61x —777.90x* 0.89 p <0.001
EVI First-2000 y =6.39+0.09exp(8.19x) 0.95 p <0.001
Second-2000 y =251.32 —2086.41x 4 5672.25x> —4730.79x° 0.97 p<0.001
First-2001 y =4.26+0.57exp(5.71x) 0.99 p <0.001
Second-2001 y = —190.30+ 1223.58x —2216.50x>+ 1296.40x> 0.96 p <0.001
First-2002 y=7.16+0.02exp(11.48x) 0.99 p<0.001
Second-2002 y = —492.03+2341.052x —3581.89x”+ 1669.97x* 0.90 p <0.001

4.3. Accounting for seasonal V... behaviour

Modelled V ,.x showed temporal variations at the three
sites, which was consistent with findings of previous studies
involving field measurement and model inversion (e.g.,
Kosugi and Matsuo, 2006; Misson et al., 2006; Zhang,
2006; Wang et al., 2007, 2008b; Mo et al., 2008; Muraoka
et al., 2012). Our results that V . could be affected by
drought confirmed earlier findings (Wang et al., 2007;
Keenan et al. 2009; Ju et al., 2010). At SKOA, the lower
Vemax values during the leaf expansion stage in 2001 and
2002 were related to drought in these 2 yr. At UMBS,
during June and July (DOY 185-208) of 2000 and 2001,
there were decreases in V.., Which were probably due to
high temperatures and relatively low soil water availability

caused by low precipitation amounts of 7.7 mm in 2000
and 33.8 mm in 2001, compared with 43.8 mm in 2002.
Moreover, V.nax may also be affected by cool temperature
(Gough et al., 2008). In 2002, during the increasing phase,
Vemax Was continuously lower than during the same period
in 2000 and 2001, while during the decreasing phase, the
higher values lasted longer in 2002 than during 2000 and
2001. Cooler temperatures in 2002 than in 2001 resulted in
a considerably delayed (by 20 d) leaf expansion in 2002.
The spatial representativeness of many flux measure-
ments at forest ecosystems is several hundred meters to
several kilometres, for example, about 1000-3000 m for
ChinaFlux forest ecosystems (Mi et al., 2006). The spatial
resolution of flux measurements at forest ecosystems is
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probably of the same order of magnitude as the satellite
data. Therefore, compared with direct gas-exchange mea-
surements of V.. at leaf scale, seasonal parameter values
optimised using EC measurement at ecosystem scale would
be more suitable for estimating V.« at regional scales by
combining with satellite data. However, for estimating spatial
and temporal distributions of Vi y.x using satellite-based
VIs, we need to generalise these relationships, for example,
one relationship each for increasing and decreasing phases
for a given site and then extending these to other sites with
different plant types. This will help in estimating temporal
variation in V.. at regional or global scales, thereby
contributing to more precise carbon cycle modelling.

5. Conclusions

The EnKF data assimilation is an effective technique for
model parameter optimisation. Optimised V.., showed
considerable seasonal and inter-annual variations in mixed
and deciduous forest ecosystems. V .y increased with leaf
expansion in early spring to a maximum in mid-summer
and then decreased slowly until early winter.

Seasonal hysteresis of Vi .x in relation to NDVI and
EVI was found for mixed and deciduous forest ecosystems.
When the growing period was divided into two periods,
namely, increasing V.n.x and decreasing V.. stages, the
relationships between Vi n.x and VIs were greatly im-
proved. In the first phase (May to mid-July), V nax varied
with NDVI and EVI exponentially but polynomially in the
second phase (mid-July to mid-October).

The relationships between V., and NDVI and EVI im-
proved when seasonal hysteresis of V . in relation to
NDVI and EVI was considered. Both satellite-based NDVI
and EVI could be used to better predict Vi pax of deciduous
and mixed forests by dividing the growing period into in-
creasing and decreasing V nax periods. These results would
be helpful for estimating spatial and temporal distributions
of Vemax using satellite-based VIs in the future. However, it
should be kept in mind that there are still some uncertain-
ties, such as unrealistic fluctuations of NDVI and EVI
caused by residual cloud contamination, and the utility of
atmospheric noise removal using the LACC method.
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