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A B S T R A C T

The soil water stress factor (fw) and the maximum photosynthetic carboxylation rate at 25 �C (Vcmax) are
two of the most important parameters for estimating evapotranspiration and carbon uptake of
vegetation. Ecologically these two parameters have different temporal variations and thus their
optimization in ecosystem models poses a challenge. To minimize the temporal scale effect, we propose a
three-stage approach to optimize these two parameters using an ensemble Kalman filter (EnKF), based
on observations of latent heat (LE) and gross primary productivity (GPP) fluxes at three flux tower sites in
2009. First, the EnKF is applied daily to obtain precursor estimates of Vcmax and fw. Then, Vcmax is
optimized at different time scales, assuming fw is unchanged from the first step. The best temporal period
is then determined by analyzing the coefficient of determination (R2) of GPP and LE between simulation
and observation. Finally, the daily fw value is optimized for rain-free days corresponding to the Vcmax

curve from the best temporal period. We found that the variations of optimized fw are largely explained
by soil water content in the summer. In the spring, the optimized fw shows a smooth increase following
the rise of soil temperature, indicating that fw may respond to the development of fine roots, which is
related to the amount of accumulated heat in the soil. The optimized Vcmax generally follows a pattern of a
rapid increase at the leaf expansion stage in the spring, small variation in summer, and an abrupt decrease
at foliage senescence. With eddy covariance fluxes data, data assimilation with a EnKF can retrieve the
seasonal variations of water uptake and photosynthetic parameters in an ecosystem model, and such
gives clues on how to model forest responses to water stress.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Terrestrial ecosystem models have been widely used to
simulate carbon, water and energy fluxes and climate-ecosystem
interactions (Dietze et al., 2011; Stoy et al., 2013). In these
models, some vegetation and soil parameters are determined
without consideration of their seasonal variations (Kattge et al.,
2009). Data assimilation (DA) provides an effective way to
optimize these parameters at different time scales (Kattge et al.,
2009; Liu et al., 2012; Pauwels et al., 2007; Pipunic et al., 2008;
Rayner, 2010; Wolf et al., 2006). Characterization of the seasonal

variations of key ecosystem parameters is important in improv-
ing the performance of ecosystem models as the outcomes of the
models generally respond to these parameters non-linearly
(Wang et al., 2001).

The soil water stress factor (fw) used in the stomatal
conductance formulation and the maximum photosynthetic
carboxylation rate at 25 �C (Vcmax) are identified as two of the
most important parameters related to the estimation of evapo-
transpiration and carbon uptake of vegetation (Ju et al., 2010;
Mo et al., 2008; Wolf et al., 2006; Zhou et al., 2013 Zhu et al., 2009).
The existing literature uses different seasonal patterns of these two
parameters with different response to soil water depletion (Zhou
et al., 2013):

(1) the soil water stress on photosynthesis has been implemented
arguably either by adjusting Vcmax and/or Jmax (maximum
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electron transport rate) (Cai and Dang, 2002; Dai et al., 2004;
Grassi et al., 2005; Wang et al., 2007; Wang et al., 2001; Xu and
Baldocchi, 2003), or modifying the slope of the Ball–Woodrow–

Berry (BWB) equation (Arain et al., 2006; Bonan, 1995; Heroult
et al., 2013; Ju et al., 2006; Wang and Leuning, 1998), or both (Ju
et al., 2010; Keenan et al., 2009, 2010b; Reichstein et al., 2003);

(2) a soil water stress factor fw has been used to modify the original
BWB equation (Ball et al., 1987) to include the important
influence of soil water on stomatal conductance, but the
mathematical form describing the influence differs in different
studies. The form has been treated using linear (Arain et al.,
2002; Bonan, 1995; Wang and Leuning, 1998; Wang et
al., 2001), exponential, or power functions (Bonan, 1995; Ju
et al., 2006). Various values of the slope of the BWB equation
are reported (Heroult et al., 2013; Ju et al., 2010; Medlyn et al.,
2011; Mo et al., 2008; Wolf et al., 2006). fw was found to vary
rapidly in response to soil water dynamics in the root zone
(Vicente-Serrano et al., 2013).

(3) the temporal variation of Vcmax is often ignored or simply
parameterized. In addition to its strong dependence on
temperature (Medlyn et al., 2002), Vcmax has been found to
be linearly (Houborg et al., 2013; Kattge et al., 2009) or non-
linearly (Arain et al., 2006) related to leaf Rubisco-N (nitrogen).
As the leaf N accumulates and depletes slowly through daily
uptake and consumption in photosynthesis, we would not
expect that the amount of Rubisco changes quickly on day-to-
day basis (Yasumura et al., 2006). This intrinsic Vcmax can be
inverted from the leaf photosynthesis measurement using
Farquhar model (Farquhar et al., 1980) in optimal condition.
Earlier studies suggested that DA of vegetation parameters at
daily time steps leads to fast changing Vcmax values that are
unrealistic (Ju et al., 2010; Mo et al., 2008). This is because that
the original Farquhar’s model has no clear mechanism to
describe how photosynthesis will change under stress con-
ditions, such as the deactivation of Rubisco by extreme
temperatures and soil water stress (Jensen, 2000), the
breakdown of chlorophyll and the importance of mesophyll
conductance (Keenan et al., 2010a). So a Vcmax inverted from
the Farquhar’s model under stress condition will have
projected information from the missing model structures
and apparently have larger temporal variations (Grassi and
Magnani, 2005; Reichstein et al., 2003), and often is called
“observed Vcmax” or “apparent Vcmax” (Zhou et al., 2013). The
variations of apparent Vcmax are modulated by slow variation of
leaf N and variations of unexplained model structures (Keenan
et al., 2010a).

In short, the temporal variations of these two parameters are
in need of further investigation. In this study, we attempt to
develop a new optimization scheme that can capture the
temporal variation patterns of fw and Vcmax based on measured
water and carbon fluxes at three eddy covariance tower sites. Our
objectives are: (1) to investigate how N-determined Vcmax varies
seasonally in forest ecosystems; (2) to find the optimal time
window, ranging from 1 day to 15 days, for determining Vcmax

temporal variability; (3) to examine relationship between fw and
soil volumetric water content (VWC) in the root zone; and (4) to
investigate if fw is directly related to soil temperature when soil
water is not the limiting factor in the early and late growth
season.

2. Method and data

The boreal ecosystem productivity simulator (BEPS) ecosystem
model (Chen et al., 1999, 2007, 2012) is used in this study. A full

conceptual diagram of the model is described in Ju et al. (2006).
It is a process-based ecosystem model that includes carbon, water,
and energy budgets and soil thermal transfer modules. The gross
primary productivity (GPP) is modeled by scaling Farquhar’s leaf-
level biochemical model (Farquhar et al., 1980) up to canopy-level
using the “two-leaf” approach (Chen et al., 1999; Norman, 1982).
The bulk stomatal conductance of the sunlit and shaded leaves for
water vapor and CO2 is calculated using a modified BWB equation
(Ball et al., 1987). The evaporation of intercepted water from the
canopy and the ground surface is calculated using the Penman–
Monteith equation (Monteith, 1965), and canopy transpiration
from sunlit and shaded leaves is computed following Wang and
Leuning (1998). The N-weighted Vcmax for sunlit and shaded leaves
are obtained by taking account of the vertical profile of leaf N
content and canopy structure (Chen et al., 2012). The BEPS model is
described in detail below.

2.1. Photosynthesis

The canopy-level photosynthesis (Acanopy) is simulated as the
sum of the total photosynthesis of sunlit and shaded leaf groups
(Chen et al., 1999):

Acanopy ¼ Asun gsc; sun
� �

Lsun þ Ash gsc;sh
� �

Lsh (1)

where the subscripts “sun” and “sh” denote the sunlit and
shaded components of the photosynthesis (A) and leaf area index
(LAI or L). gsc is the stomatal resistance for carbon molecules. The
sunlit and shaded LAI are separated by (Chen et al., 1999; Norman,
1982):

Lsun ¼ 2cosu 1 � e�0:5VL=cosu
� �

(2)

Lsh ¼ L � Lsun

where u is the solar zenith angle, V is the clumping index and L is
the leaf area index. The net rate of CO2 assimilation (either sunlit or
shaded parts) is calculated as (Farquhar et al., 1980):

A ¼ min Ac; Aj
� �� Rd (3)

Ac ¼ Vcmaxf V Tð Þ Ci � G
Ci þ Kc 1 þ Oi=Koð Þ (4)

Aj ¼ Jmaxf J Tð Þ Ci � G
2 Ci � 2G
� � (5)

where A,Ac, and Aj are the net photosynthetic, Rubisco-limited
and light-limited gross photosynthetic rates mmol m�2 s�1,
respectively. Rd is the daytime leaf dark respiration, Vcmax is
the maximum carboxylation rate at 25 �C. Jmax is the electron
transport rate at 25 �C. Ci and Oi are the intercellular CO2 and
oxygen concentration, respectively. G is the CO2 compensation
point without dark respiration, Kc and Ko are the Michaelis–
Menten constants for CO2 and oxygen respectively. fV(T) and fJ(T)
are the air temperature (T) response function for Vcmax and Jmax

respectively. In the model, the Jmax is estimated from Vcmax

(Medlyn et al., 1999):

Jmax ¼ 2:39 � Vcmax � 14:2 (6)
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2.2. N-weighted Vcmax and Jmax for sunlit and shaded leaves

The N-weighted Vcmax is derived according to Chen et al. (2012):

Vcmax;sun ¼ Vcmax;0XnN0
k½1 � e�ðknþkÞL�

ðkn þ kÞð1 � e�kLÞ

Vcmax;sh ¼ Vcmax;0XnN0

1=knð1 � e�knLÞ �
�
1 � e�ðknþkÞL

�
V=ðkn þ kÞ

L � 2cosuð1 � e�kLÞ
(7)

where Vcmax,0 is the leaf maximum Rubisco capacity at the top of
the canopy at 25 �C, Xn is the ratio of measured Rubisco capacity to
leaf N (Dai et al., 2004; dePury and Farquhar, 1997), N0 is the N
content at the top of the canopy; k = G(u) V/cosu, G(u) is the
projection coefficient, usually taken as 0.5 for spherical leaf angle
distribution, kn is the leaf N content decay rate with increasing
depth into the canopy, taken as equal to 0.3 after dePury and
Farquhar (1997).

2.3. Stomatal conductance

The leaf stomatal conductance g (mmol m�2 s�1) is estimated
from the photosynthesis rate A assuming that they are linearly
related (Ball et al., 1987):

g ¼ m
Ahs

Cs
þ b (8)

where m is a plant species dependent coefficient. hs and Cs are the
relative humidity and CO2 concentration at the leaf surface,
respectively. b is the residual conductance. Eq. (8) is often called
the Ball–Woodrow–Berry (BWB) equation. An analytical solution
of g is used in our model in order to improve efficiency for global
simulations (Baldocchi, 1994).

The important influences of soil water on g and A are not
mechanistically included in the original BWB formulation (Eq. (8)).
Following Bonan (1995) and Ju et al. (2006), we modify it as
follows:

g ¼ fw m
Ahs

Cs

� �
þ b (9)

where fw is a soil water stress factor, which we assume to be a
function of soil water content and a unknown parameter to be
optimized in this study. “fwm” or “m (when fw= 1) ” also referred as
the slope in the BWB equation in this paper.

2.4. Surface evaporation and canopy level transpiration

The latent heat (LE) is simulated as:

LE ¼ lðT þ El þ EgÞ (10)

where l is the latent heat of vaporization. T is the transpiration rate
from canopy (kg m�2 s�1), El and Eg are evaporation rates of
intercepted water from canopy and ground surface (kg m�2 s�1),
respectively.

The canopy level transpiration is obtained by:

T ¼ Tsunðgssun ÞLsun þ Tshðgssh ÞLsh (11)

where Tsun and Tsh are the average transpiration rates for sunlit and
shaded leaves, respectively. gs is stomatal resistance for water
molecules. gs/gsc = 1.6. Following Wang and Leuning (1998),
transpiration from sunlit leave is computed as (Ju et al., 2010):

Tsun ¼ Da þ DðTs;sun � TaÞ
rsun

� rCp

g
(12)

where Da is the atmospheric vapor pressure deficit (kPa). D is the
rate of change of the saturated vapor pressure with temperature

(kPa �C�1). Ts,sun and Ta are temperatures at sunlit leaf surface and
air temperature (�C), respectively. r is the air density (kg m�3). Cp is
the specific heat of air at constant temperature (1010 J kg�1 �C�1),
and

rsun ¼ rb þ ra þ 1
gssun

(13)

where ra and rb are aerodynamic and boundary layer resistance
(s m�1), respectively. And g is the psychrometric constant
(kPa �C�1). To calculate Tsh, Ts,sh (temperature at shaded leaf
surface) and gssh are used to replace Ts,sun and gssun in Eqs. (12) and
(13).

The evaporation from intercepted water from sunlit and shaded
leave El are estimated similarly using Eqs. (11) –(13), but without
the term for stomatal resistance (i.e., rs = 0).

The evaporation from soil Eg is estimated using the Penman–
Monteith equation (Monteith, 1965):

lEg ¼ DðRg � 0Þ þ rCpVPDg=rag
D þ gð1 þ rsoil=rag Þ

(14)

where Rg is the net radiation in the ground, VPDg is vapor pressure
deficit at the ground level, rag is the aerodynamic resistance of
ground surface, rsoil is the soil resistance for evaporation. In Sellers
et al. (1996),

rsoil ¼ exp 8:2 � 4:2 � u1
us

� �
(15)

where u1 is volumetric soil VWC in first layer (m3m�3), and us is
value of u at saturation (m3m�3). The rsoil from Sellers et al. (1996)
is a rough estimate and we used 4 � rsoil in the BEPS model.

2.5. Parameter optimization

The Kalman filter (KF) is a variance-minimizing algorithm that
updates the state estimate whenever measurements are available
(Evensen, 2009). The cost function for KF is written as:

J ¼ ðXa
k � Xf

kÞTP�1ðXa
k � Xf

kÞ þ
�
Yk � HðXf

kÞ
�T

R�1
�
Yk � HðXf

kÞ
�

(16)

where Xa
k and Xf

k are the analyzed and forecast estimates
respectively, at time instant k , Yk is the vector of measurements,
H is the measurement operator that maps the model state Xk–Yk, P
is the error covariance of the predicted model state, and R is the
measurement error covariance matrix. Minimizing with respect to
Xa
k yields the KF update equation:

Xa
k ¼ Xf

k þ K
�
Yk � HðXf

kÞ
�

(17)

K ¼ PfkH
TðHPf

kH
T þ RkÞ�1 (18)

where Pf
kH

T is the cross covariance between any given state and
prediction, H Xf

k

� �
for an ensemble Kalman filter (EnKF),

Pf
kH

T¼ Xf
k � X

f
k

u � 1
qTk (19)

qdk ¼ HðXf
k � X

f
kÞ ¼ ðyfk � yf

kÞ (20)

where y are individual ensemble member of the prediction, HPfkH
T

is the error covariance matrix of the prediction,

Pf
k ¼

ðXf
k � X

f
kÞðXf

k � X
f
kÞT

u � 1
(21)
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HPfkH
T ¼ qkq

T
k

u � 1
(22)

u is the ensemble number.
The EnKF is applied to optimize two key parameters of the BEPS

model: fw (Section 2.3, Eq. (9)) and the leaf level Vcmax at the top of
the canopy at 25 �C (the Vcmax,0 in Section 2.2, Eq. (7), referred to as
Vcmax hereafter). The analysis is limited to rain-free days. These
parameters are optimized through assimilating observations of
latent heat (LE) and gross primary productivity (GPP) fluxes
measured at flux tower sites. The optimization is conducted daily.
Observational errors for the daily GPP and LE fluxes are set to 15%
following previous studies (Ju et al., 2010; Mo et al., 2008), and the
cross-correlations of LE and GPP fluxes errors are assumed to be
negligible (Lasslop et al., 2008). The ensemble size is set to 100
(Mo et al., 2008).

We developed a three-step scheme to optimize the two
parameters in different temporal scales. The configurations of
the EnKF for the three steps are listed in Table 1. To ensure enough
spread of the ensemble, we set different perturbations for the early
growing season and for subsequent seasons, based on several
experiments. To prevent filter divergence (Ng et al., 2011), the BEPS
model was reinitialized to generate a new ensemble after each DA.
In all three steps, both measured LE and GPP fluxes are used in the
DA. First, the EnKF is applied daily to obtain precursor estimates of
Vcmax and fw. Then Vcmax is optimized at different time scales (1–
15 days in step of 2 days) assuming fw is unchanged from the first
step by re- running the EnKF. In this step, the observational errors
for LE and GPP in a window are estimated as 15%/

ffiffiffiffiffiffiffiffiffiffiffi
days

p
. The best

temporal period or window size is then determined by analyzing
the magnitude of the minimized cost-function, and the coefficient
of determination (R2) and root-mean- square deviation (RMSE) of

LE and GPP between simulation and observation. Finally, the daily
fw value is optimized for rain free days corresponding to the Vcmax

curve from the best window size by re-running EnKF. The
optimized fw is then compared with shallow soil VWC in second
layer as shown in Table 2.

In this study we follow the idea that the fw affects the slope of
the BWB equation, and we assume that there would be a sudden
change in fw right after a precipitation event (Fig. 1). Though the
BEPS model has a module to predict fw, we do not use it to provide a
priori in the EnKF. So in the EnKF, it is unreasonable to use the fw
before rain for the a priori estimate of fw after rain (Fig. 1b) because
the use of fw before the rain event would introduce or enhance the
“time lag” between the analysis and the true state. In areas where
rain events are very frequent, estimates of fw are unreliable. To
solve this problem, we reinitialize the EnKF to produce a new a
priori estimate of fw after rain events, assuming that the
fw= VWC � 8.0 based on several experiments, where VWC is for
the second soil layer (Fig. 1b and c). The problem of optimization of
the fw then turns into a test if the optimized fwwill deviate from the
yellow long dash line (representing a linear trend) after a rain
event. In the early growth season, we examine if the fw will be
significantly below the yellow long dash line (in Fig. 1c) when the
soil water content is abundant. If it is, we will not reinitialize the fw
after rain events and just use the fw optimized from previous day in
order to test the effect of soil temperature.

2.6. Data

We tested the EnKF scheme for three flux tower sites for year
2009: (1) a 74 year-old white pine forest, which is part of the
Turkey Point Flux Station’s age- sequence sites (TP39) in southern
Ontario, Canada (Peichl et al., 2010), (2) an old jack pine (OJP) site
in the southern area of the boreal ecosystem-atmosphere study

Table 1
The initial values, standard deviations, and ranges of the two parameters optimized.

Symbol Unit Initial value Standard deviation Range

Step 1 Vcmax mmol m�2 s�1 10 3.0, 1.0a 5–1
fw dimensionless 1 0.1 0.01–1

Step 2 Vcmax mmol m�2 s�1 10 3.0, 1.0a 5–1
Step 3 fw dimensionless 1 0.1 0.01–1
a 3.0 for leaf expansion stage, 1.0 for other stages.

Table 2
Site information about the three flux tower sites.

Site White pine (TP39) Old aspen (OA) Old jack pine (OJP)

(Pinus strobes L.) (Populus tremuloides Michx) (Pinus banksiana)

Location 42.71�, �80.36� 53.63�, �106.20� 53.92� , �104.69�

Sapling year 1939 1919 1914
Overstory Mature white pine (P. strobus) Trembling aspen (Populus tremuloides

Michx)
Mature jack pine (Pinus Banksiana)

Understory Q. vultina, Abies balsamifera, Prunus
serotina

Hazelnut Very sparse green alder (predominantly lichen ground
cover)

Forest type Evergreen needle leaf Deciduous forest Evergreen needle leaf
Maximum LAI �8 (overstory) 4.5 (total) 2.82 (overstory)
Clumping index 0.65 0.68 0.51
Soil type Sandy loam Silt loam Sandy
Elevation (m) 219 580 579.27
Topography Flat land Generally level Undulating
Mean annual air temperature
(�C)

8.3 (2009) 0.5 0.4

Mean annual precipitation
(mm)

860 (2009) 406 467.2

Organic layer depth (cm) 4 2–4 8–10
Soil water content layer (cm) 0–5, 5–10, 10–20, 20–50, 50–100 0–5, 5–15, 15–30, 30–60, 60–120 0–15, 15–30, 30–60, 60–90, 90–120, 120–150
Tree heights (m) 22 24.1 16.7

References: (Arain et al., 2002; Arain and Restrepo-Coupe, 2005; Arain et al., 2006; Barr et al., 2004; Black et al., 1996; Chen et al., 2007; Chen et al., 2006; Chen et al., 1997;
Cuenca et al., 1997; He et al., 2012; Ju et al., 2006; Mo et al., 2008; Peichl et al., 2010).
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(BOREAS), Saskatchewan, Canada (Black et al., 1996; Chen et al.,
2007), and (3) an old aspen site in the southern BOREAS (OA) (Barr
et al., 2004; Ju et al., 2006). The key parameters are summarized in
the Table 2.

Fig. 1. Testing scheme for soil water stress. (a) the soil water stress on plant (fw) can
be constant (red solid line), linear (long green dash line), or other unknown forms
(blue dash or purple dot dash) along with the depletion of soil water content from
field capacity to permanent wilting point (PWP); (b) soil water content is shown in
the long dash blue line. The assumed true response of fw to soil water content after a
rain is in short green dash line. The red solid line indicates fwwith an incorrect time-
lag caused by the analysis process in the EnKF. (c) fw is reinitialized in the EnKF after
each rain using value in the long yellow dash line; the direction of vector (optimized
fw) shows whether fw is departing from the yellow line, a linear hypothesis. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. The seasonal variations of Vcmax for different time-windows at three sites: (a)
TP39 site, (b) OJP site, and (c) OA site in 2009. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Half-hourly measurements of meteorological variables (air
temperature, incoming solar radiation, relative humidity, and wind
speed), leaf area index (LAI), and clumping index from ground
measurement or remote sensing are used to drive the BEPS model
in half-hourly step, and energy (LE) and CO2 (GPP) fluxes using
eddy covariance technique are used to constrain the model in the
EnKF. For the OA site, the LAI is collected from work by Barr et al.
(2004) using the gap-filling approach; for TP39 site, the LAI is
measured by tracing radiation and architecture of canopies (TRAC)
instrument and LAI2000; for the OJP site, remote sensed LAI curve
from MODIS is adjusted to match 2/3 to 1 of the maximum LAI from
TRAC according to Jack pine’s leaf turnover rate. The upper soil
VWC measurement is used in the calculation of soil surface

resistance, and the soil VWC measurement in the second layer is
used to initialize fw after rain events and as an independent
variable to compare with optimized fw.

3. Results

3.1. The optimal time window for determining Vcmax temporal
variability

The seasonal variations of optimized Vcmax are shown in Fig. 2
for the three sites in 2009, for different time window sizes. As
expected, the window size has an effect on the shape of optimized
Vcmax, with smaller windows leading to noisier curves and bigger

Table 3
Coefficient of determination (R2) and root-mean-square deviation (RMSE) between optimized fluxes and their measurements for the Turkey Point (TP39) site.

Window (days) GPP_h R2 GPP_h
RMSE
(g C m�2 h�1)

LH_h R2 LH_h RMSE
(W m�2)

Median J

Step 1 1 0.773 0.123 0.761 35.56 4.49

Step 2

1 0.78 0.122 0.775 31.90 3.86
3 0.785 0.126 0.776 32.32 5.01
5 0.782 0.129 0.776 32.57 5.10
7 0.783 0.127 0.777 31.79 5.02
9 0.785 0.124 0.776 31.54 5.02
11 0.78 0.13 0.774 32.35 5.02
13 0.773 0.133 0.775 31.74 5.01
15 0.768 0.134 0.775 31.80 5.01

Step 3 7 0.786 0.122 0.764 35.88 3.68

Note: GPP_h and LH_h are for half hourly GPP and latent heat, respectively. J is the value of cost function. The three significant digits for R2 and RMSE are used to shown the
effect of window sizes in DA.

Table 4
Coefficient of determination (R2) and root-mean-square deviation (RMSE) between optimized fluxes and their measurements for the old jack pine (OJP) site.

Window
(days)

GPP_h
R2

GPP_h
RMSE(g C m�2 h�1)

LH_h
R2

LH_h
RMSE(W m�2)

Median
J

Step 1 1 0.688 0.072 0.617 25.99 7.65

Step 2

1 0.703 0.076 0.628 25.29 6.89
3 0.715 0.078 0.631 25.61 8.60
5 0.709 0.079 0.635 25.28 9.27
7 0.710 0.082 0.633 25.92 8.78
9 0.704 0.083 0.634 25.76 8.99
11 0.703 0.083 0.629 25.71 8.60
13 0.698 0.826 0.632 25.04 8.60
15 0.692 0.084 0.633 24.81 8.54

Step 3 7 0.692 0.084 0.616 28.81 6.31

Note: GPP_h and LH_h are for half hourly GPP and latent heat, respectively.

Table 5
Coefficient of determination (R2) and root-mean-square deviation (RMSE) between optimized fluxes and their measurements for the old aspen (OA) site.

Window
(days)

GPP_h
R2

GPP_h
RMSE(g C m�2 h�1)

LH_h
R2

LH_h
RMSE(W m�2)

Median
J

Step 1 1 0.81 0.162 0.736 56.62 3.86

Step 2

1 0.83 0.16 0.718 55.49 4.41
3 0.831 0.161 0.716 55.35 5.47
5 0.828 0.162 0.712 55.31 5.44
7 0.819 0.165 0.711 54.76 5.44
9 0.805 0.184 0.712 56.53 5.83
11 0.8 0.19 0.714 56.19 5.44
13 0.798 0.181 0.705 55.41 5.47
15 0.791 0.167 0.696 52.01 4.65

Step 3 7 0.814 0.166 0.734 57.72 3.74

Note: GPP_h and LH_h are for half hourly GPP and latent heat, respectively.

L. He et al. / Ecological Modelling 294 (2014) 94–104 99



windows to smoother curves (Fig. 2). The large difference in Vcmax

after DOY 280 in Fig. 2b is caused by incomplete time windows at
the end of the growing season. The separate asymptotes of Vcmax

after DOY 190 in Fig. 2c are artifacts caused by a data gap. As shown

in Tables 3–5, smaller windows generally lead to smaller RMSE or
larger R2 for the GPP for all sites. In contrast, the maximum R2 for LE
at two of the sites occurred in medium-sized windows (7 days for
TP39, and 5 days for OJP) with OA as an exception (1 day). From a

Fig. 3. The soil water stress factor (fw) vs. soil volumetric water content (VWC) at the three sites: (a) TP39 site, (b) OJP site, and (c) OA site. Blue soild line is for soil VWC, and
green plus marker is for optimized fw. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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biological point of view, the smoother Vcmax curve from the larger
window in LE simulation may be more realistic than the less
smooth Vcmax curve from the 1-day window, even though the R2 of

GPP of the larger window is not the maximum. It is conceivable
that smaller window sizes mathematically give larger flexibility for
the model to fit GPP measurements, inducing larger R2 values, and
therefore the optimized parameters contain some mathematical
artifacts. For the same reason, mathematical artifacts could also
influence the model fit to LE data. In the BEPS model, Vcmax

influences LE through its influence on stomatal conductance. With
fw given the full freedom to modify the LE calculation through
adjusting the stomatal conductance, the influence of Vcmax is much
weaker on LE than on GPP. Under this mathematical setting, Vcmax

is optimized based on the remainder of the LE variance that is not
explained by fw and generally has temporal scales longer than the
time step used in the optimization. We therefore believe that the
optimal time window for Vcmax optimization found based on LE
simulation captures the realistic temporal variability of Vcmax,
although such temporal variability signals are not always strong in
our optimization procedure.

3.2. Seasonal variations of the Vcmax

Generally, all Vcmax values at these sites increase rapidly at the
beginning of leaf emergence (OA site) or greenness (TP39 and OJP
sites), and reach their peaks in late spring or early summer. They
decline in the fall with leaf senescence and/or breakdown of leaf
chlorophyll. There are also small fluctuations in Vcmax that may be
imposed by soil water stress in summer (Bertrand and Schoefs,
1999; Misson et al., 2006; Wilson et al., 2000) and/or low air
temperature in the spring.

Following the results from the optimal window, the peak values
of Vcmax are approximately 40, 57, and 54 mmol m�2 s�1 for the
TP39, OJP, and OA sites, respectively. The dates to reach peak of
Vcmax differ with the sites’ mean annual air temperatures: at
�140 DOY for TP39 site, at �180 DOY for the OJP site, and at
�190 DOY for the OA site. For the TP39 site (Fig. 2a), there is a
decline of the Vcmax curve in the mid-summer associated with the
drought. Of the three sites, the OA site is a deciduous forest and it is
notable for the short growing season with later leaf emergence
shown from the Vcmax curve (Fig. 2c).

We noticed the rapid decrease of the optimized Vcmax in the fall.
However, we restrain further comments due to the unreliable LAI
gap-filled method in the fall (Barr et al., 2004) and breakdown of
leaf chlorophyll, which make the optimization less confident.

3.3. Soil water stress and the slope of BWB equation

The optimized fw along with the soil VWC in the 2nd layer
(5–10, 5–15, and 15–30 cm for the TP39, OA, and OJP sites,
respectively) for the three sites are shown in Fig. 3. Since the m
values for the three sites in the BWB equation are all fixed at a value
of 8 during the optimization and the m values might be species
dependent, it is possible that fw can be larger than one if the m
value is too small. The actual slope of BWB equation equals to the
product of fw and m.

We found that the optimized fw values in the summer have large
variations and the variations can be largely explained by the VWC
(Fig. 4) in the 2nd layer. The optimized fw ranges from �0.3 to �1.4
at TP39 (Fig. 4a). It is very stable and close to 1.3 when the VWC is
above the field capacity (0.16) (Peichl et al., 2010). For the OJP site,
fw ranges from �0.5 to �1.1; when the shallow (15–30 cm) VWC is
close to the permanent wilting point (PWP) (�0.05 for sand), it
does not continually decrease with the depletion of soil water
content, implying that trees might make use of soil water in the
deeper layers (Fig. 4b). For the OA site, fw ranges from �1.0 to
�2.2 in the summer, meaning that the m can be as high as 17.6 at
this site (Fig. 4c). Comparing to TP39 and OJP (both sandy soil), the

Fig. 4. The scattering plots of soil water stress factor (fw) and soil VWC in the
summer at (a) TP39 site, (b) OJP site, and (c) OA site. In each plot the red-dash line
shows fw= 8 � VWC which is used for initialized value after rain. The connected
markers are for optimized values for continuous days within two rain events with fw
being initialized after the rain from the red-dash line. The separated markers are
from short periods or from long periods being separated by failed optimizations.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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loam soil in OA has a smaller hydraulic conductivity and a higher
available water capacity, so VWC and fw change slowly.

3.4. Stress due to soil temperature

In the spring, fw has a different trend with the VWC change. We
intentionally show an example in Fig. 3b where the optimized fw
drops to a much lower value (�0.3) than the initialized value of 1.0,
when the soil water content is abundant (before DOY �120),
implying that there is another stress in addition to soil water
content. Consequently, in the spring we did not reinitialize the fw
after rain in the EnKF for the TP39 and OA sites. For the TP39 site, fw
increases from 0.2 to 0.7 between DOY 80–130 (Fig. 3a). For the OA
site (Fig. 3c), fw increases smoothly from �0.2 to 1.0 between DOY
150–190.

We examined the fw – soil temperature relationship in Fig. 5 for
the OA site. In the seasonal trend, fw increases with soil
temperature in the spring when the soil water content is abundant,
but fw does not change sensitively with soil temperature, e.g.,
around DOY 160, fw does not decrease as the soil temperature
decreases.

In the fall and winter, there is still stress due to temperature
shown in fw for the TP39 site even when soil water content is
abundant, e.g., DOY �320 and later.

4. Discussion

4.1. Errors in model structure, other parameters, and driving data

The optimization is prone to errors in model structures and
others fixed parameters, driving or forcing data, and the
observations (Carvalhais et al., 2008). Essentially the optimized
parameters include projections of all the uncertainties and
variations from the model-data assimilation approach on the
optimized parameters.

In this study, only two parameters (Vcmax and fw) are optimized,
corresponding to the two independent observations (GPP and LE).
However, other parameters may also have contributed to the
variations in GPP and LE. For example, errors in LAI variation can be
mapped into Vcmax, and uncertainty in soil surface evaporation can
be mapped into fw.

In this study, we are aware of the importance of the temporal
scales of parameters in EnKF. Vcmax changes at a temporal scale of
few days to few weeks while fw can change in few minutes to few
hours. To minimize the possibility that other short term variations
may be mapped into Vcmax we have proposed a three-stage
approach for optimization. To reduce the mathematical artifact in
the derived curves, we also used smaller spreads of Vcmax in the late
growth seasons than in spring, so it is also possible that the real
variations of the Vcmax in these seasons are smoothed. Further
study is needed to address the temporal variations of the Vcmax.

4.2. The variation of fw

Our results generally support the assumption that the slope in
the BWB equation is not constant and depends on vegetation
species. The values of m generally fall in the range of previous
studies (Heroult et al., 2013; Ju et al., 2010; Medlyn et al., 2011; Mo
et al., 2008; Wolf et al., 2006). We found that fw is generally linearly
related to VWC in the summer. When the soil VWC is very close to
the field capacity and PWP, fw departs from the linear relationship.
Therefore, it is more physically reasonable to model fw using soil
water suction/potential than using soil VWC. The calculation of soil
water suction generally needs four parameters for each layer (Chen
et al., 2007). While these parameters are usually unavailable in the
regional and global scales, the linear relationship would be a
practically useful approximation.

It is shown from Fig. 5 that fw gradually increases with soil
temperature during the spring when the soil VWC is abundant, but
fw does not follow tightly with soil temperature, e.g., from DOY of
around 160, fw does not decrease when the soil temperature
decreases. Low soil temperature has been shown to inhibit the
growth of fine roots (Burke and Raynal, 1994; Côté et al., 1998;
Deans,1979; Lahti et al., 2005; Mainiero et al., 2010; Pregitzer et al.,
2000). Therefore, we propose that the stress in fw in the spring is
from the limited amount of fine roots in the early growing season.

5. Conclusion

Using an EnKF approach, we optimized seasonal variations of
two important and commonly used parameters in ecosystem
models: the maximum photosynthetic carboxylation rate at 25 �C
(Vcmax), and the soil water stress factor (fw). The former regulates
the photosynthesis process; the latter affects carbon–water
coupling thus influencing both photosynthesis and transpiration.
This study quantifies the seasonal variations in Vcmax and fw, which
are usually not taken into consideration in ecosystem models. The
importance of different temporal scales in parameter optimization
needs further investigation. Significant variations of these two
parameters with season as well as with forest type imply that
further improvements in model parameterization are needed. In
spite of uncertainties in the optimization, following conclusions
can be drawn:

(1) Based on the BEPS model structure, our optimization supports a
variable slope (proportional to fw) in the Ball–Berry–Woodrow
equation. Furthermore, the variation of the slope is largely
explained by the soil water content in the shallow layer in the
summer. The slope is not sensitive to the soil water content in
shallow layer, when soil VWC is close to permanent wilting
point, implying that the plant can still uptake water from
deeper layers during drought.

(2) In the early and late growing season, the variation in fw cannot
be explained by soil water content alone. In the early spring, fw
gradually increases with soil temperature, suggesting that the
fine root development with increasing temperature may be the
main reason for the fw increasing trend. In the fall, fw decreases

Fig. 5. The relationship between soil water stress factor (fw, green plus) and soil
temperature (blue line) in the second layer for OA site. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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with decreasing temperature, and this is also likely caused by
the fine-root mortality. These results suggest the importance in
considering fine root development and mortality processes in
modeling ecosystem water and carbon cycling.

(3) There is a rapid increase of Vcmax in the early growing season. In
the summer, the variation of Vcmax becomes smaller.
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