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The ability of terrestrial biogeochemical models in predicting land-atmospheric carbon and water
exchanges is largely hampered by the insufficient characterization of model parameters. The direct
observations of carbon/water fluxes and the associated environmental variables from eddy covariance
(EC) flux towers provide a notable opportunity to examine the underlying processes controlling carbon
and water exchanges between terrestrial ecosystems and the atmosphere. In this study, we applied the
Metropolis simulated annealing technique to conduct parameter optimization analyses of a process-
based biogeochemical model, simplified PnET (SIPNET), using a variety of constraining variables from EC
observations and leaf area index (LAI) from MODIS at three ChinaFLUX forest sites: a temperate mixed
forest (CBS), a subtropical evergreen coniferous plantation (QYZ) and a subtropical evergreen broad-
leaved forest (DHS). Our analyses focused on (1) identifying the key model parameters influencing the
simulation of carbon and water fluxes with SIPNET; (2) evaluating how different combinations of con-
straining variables influence parameter estimations and associated uncertainties; and (3) assessing the
model performance with the optimized parameterization in predicting carbon and water fluxes in the
three forest ecosystems. Our sensitivity analysis indicated that, among three different forest ecosystems,
the prediction of carbon and water fluxes was mostly affected by photosynthesis-related parameters. The
performances of the model simulations depended on different parameterization schemes, especially the
combinations of constraining variables. The parameterization scheme using both net ecosystem exchange
(NEE) and evapotranspiration (ET) as constraining variables performed best with most well-constrained
parameters. When LAl was added to the optimization, the number of well-constrained model parameters
was increased. In addition, we found that the model cannot be well-parameterized with only growing-
season observations, especially for those forest ecosystems with distinct seasonal variation. With the
optimized parameterization scheme using both NEE and ET observations all year round, the SIPNET were
able to simulate the seasonal and inter-annual variations of carbon and water exchanges in three forest
ecosystems.

Keywords:

Eddy covariance

Model data fusion
Parameter optimization
Forest ecosystems
SIPNET

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, a large number of observations of land-
atmospheric carbon and water exchanges between terrestrial
ecosystems and the atmosphere have been accumulated, mainly
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from environmental control experiments, eddy covariance (EC)
measurements and remote sensing monitoring (Baldocchi et al.,
2001; Stockli et al., 2008; Zhang et al., 2009; Williams et al., 2009).
As the experiments and measurements are often conducted at
limited sites and on specific scales, it is difficult to accurately under-
stand the processes of ecosystem carbon and water cycles across
different temporal and spatial scales. Large uncertainty still exists in
characterizing the spatio-temporal variations of carbon and water
exchanges in terrestrial ecosystems (Yuan et al., 2010; Zhang et al.,
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2010). With the advantages of systematically simulating ecosys-
tem biogeochemical processes, terrestrial biogeochemical models,
e.g., CEVSA (Cao and Woodward, 1998), BIOME-BGC (Running and
Coughlan, 1988) and CENTURY (Parton et al., 1993), have been
widely used as effective tools to quantify ecosystem carbon and
water fluxes (Rastetter et al., 2003).

However, it is difficult or impossible to acquire all model param-
eters through direct measurements (Luo et al.,, 2001; Van Oijen
et al., 2005). Uncertainties in the model predictions of carbon and
water exchanges largely depend on model calibration or param-
eterization (Green et al., 1999; MacFarlane et al., 2000; Schulz
et al, 2001; Luo et al., 2003). At observation sites, parameters
can be estimated by applying model-data fusion techniques using
eddy covariance and associated biometric data sets as constraints
(Raupach et al., 2005; Williams et al., 2009; Wang et al., 2009).
Parameter estimation with formal model-data fusion techniques
refers to procedures by which the ‘optimal’ parameter sets giv-
ing the best agreements and model predictions (Richardson et al.,
2010). Whether some model parameters can be well constrained
by the data depends on the amount and quality of information
in the measurements and how that information is represented in
the model (Yuan et al., 2012). Initially, most analyses used only
limited combination of carbon fluxes to constrain C-cycle mod-
els (e.g., Wang et al., 2001; Reichstein et al., 2003; Braswell et al.,
2005; Knorr and Kattge, 2005). A number of recent studies have
conclude that parameters associated with rapid relatively short
timescale process such as photosynthesis are well constrained
by measured CO, fluxes which contain considerable informa-
tion about how “fast” processes respond to environmental drivers
(Braswell et al., 2005; Friend et al., 2007; Fox et al., 2009). Parame-
ters about “slow” processes (e.g., like the size and turnover rate of
biomass, litter and soil C pools) are poorly constrained (Richardson
et al., 2010; Ricciuto et al., 2011). Moreover, parameter uncer-
tainty can be reduced as data records become longer and different
types of observations are added (Richardson et al., 2010). Using
multiple-constraint model data fusion technique which combines
different data streams to maximize consistency among all datasets
simultaneously, has become an effective procedure for estimating
model parameters and model predictions (Wang and Barrett, 2003;
Richardson et al., 2010; Ricciuto et al., 2011).

Here, we conducted an inverse analysis on a simplified PnET
model (SIPNET) (Braswell etal.,2005) using long-term observations
from three ChinaFLUX forest sites, including a temperate mixed for-
est, a subtropical evergreen coniferous plantation and a subtropical
evergreen broad-leaved forest. We constrained the model param-
eters with a variety of observations, including EC measurements
of net ecosystem exchanges of CO, (NEE), evapotranspiration (ET)
and leaf area index (LAI) from MODIS. Our objectives were three-
fold: (1) to determine the key model parameters influencing the
model prediction of carbon and water fluxes; (2) to evaluate how
different combinations of constraining variables influence param-
eter estimation and associated uncertainties; and (3) to assess the
model performance with the optimized parameterization in pre-
dicting carbon and water fluxes at the three forest ecosystems.

2. Materials and methods

2.1. Simplified Photosynthesis EvapoTranspiration (SIPNET)
model

The terrestrial biogeochemical model we used in this study
was the simplified Photosynthesis and EvapoTranspiration (SIP-
NET) model (Braswell et al., 2005; Sacks et al., 2006), a simplified
version of PnET (Aber and Federer, 1992; Aber et al., 1995, 1996).
The original PnET model is simplified to decrease the number of

free parameters and run time (Braswell et al., 2005; Sacks et al.,
2006, 2007; Moore et al., 2008; Hu et al., 2010). SIPNET contains
two vegetation carbon pools (i.e., leaves and wood carbon pools)
and an aggregated soil carbon pool (Braswell et al., 2005; Sacks
et al., 2006, 2007). Water flux dynamics were modeled through a
sub-model of soil moisture (Sacks et al., 2006; Zobitz et al., 2008).
The model performed two time steps per day: day and night. In
total, the SIPNET model has 42 parameters (including initial condi-
tions) that govern the model’s behaviors (as illustrated in Appendix
Table A1). The detailed description of the model has been exten-
sively documented in Braswell et al. (2005) and Sacks et al. (2006,
2007).

In particular, as in PnET (Aber and Federer, 1992), photosynthe-
sis in SIPNET was calculated as a maximum gross photosynthetic
rate (GPPngy) multiplied by four scalars between 0 and 1: a tem-
perature factor (Deemp), @ VPD factor (Dypp), a light factor (Dyign;)
and a water factor (Dwqeer). Firstly, a potential photosynthetic rate
(GPPpot) was calculated assuming no water stress.

GPPpot = GPPmax x Diemp x Dypp x Dlight (1)

Evapotranspiration (ET) in SIPNET was consist of plant tran-
spiration (T), evaporation from canopy interception (E;), soil
evaporation (Es) and sublimation from the snow pack (S;) (if there
is snow). GPPpo, along with the plant’s water use efficiency (WUE)
depending on vapor pressure deficit (VPD) was then used to calcu-
late potential transpiration (Tpo¢) as:

Kwue

WUE = —57 ()
GPPpot
Trot = “WuE (3)

The total amount of water available to the plants over the course
of a day (W,) was a fraction (f) of the total amount of water in the
soil (W). Actual transpiration (T) was set to the lesser of Tyor and
W. Finally, GPP was computed using GPPpot and Dyqter.

Wo=W xf (4)

T = Min(Tpor, Wy) (5)
T

Dwater = =— 6

'water Tpo[ ( )

GPP = GPPpot x Dwater (7)

2.2. Study sites and data overview

Half-hourly EC flux and meteorological observations used in
this study were collected from three ChinaFLUX forest sites during
2003-2008: a temperate mixed forest (CBS), a subtropical ever-
green coniferous plantation (QYZ) and a subtropical evergreen
broad-leaved forest (DHS). The measurements of EC flux and mete-
orological data at the three forest sites were made by the same
instruments described by Yu et al. (2006). The characteristics of
these three sites were illustrated in Table 1. More details of data
collection and site description could be found in Yu et al. (2006),
Zhang et al. (2006a,b), Guan et al. (2006) and Wen et al., 2006.

The ChinaFLUX data processing system described in Li et al.
(2008) and Liu et al. (2012) was used to conduct quality control
of the EC flux and meteorological data. After a common quality
checking process (triple coordinate rotation, WPL correction, de-
spike, absolute value and storage calculation), EC fluxes with low
friction velocity (u*) during the night were screened out (Reichstein
etal., 2005). After that, small gaps (<2 h) in EC flux records were lin-
early interpolated, while larger gaps were filled with the nonlinear
regressions method (Liu et al., 2012). Larger gaps in meteorological
records were filled using the mean diurnal variation (MDV) method
(Falge etal.,2001).Climate variables at a twice-a-day time step used
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Table 1
The basic information for the three forest EC tower sites.
Site Geographical location Elevation Vegetation type Observation Annual air Annual precipitation Period
(m) height (m) temperature (°C)? (mm)®
CBS 41.4025° N, 128.0958°E 738 Temperate mixed 40 3.6 695 2003.1-2008.12
forest
QYZ 26.7478° N, 115.0631° E 100 Subtropical evergreen 39 17.9 1485 2003.1-2008.12
coniferous plantation
DHS  23.1733°N,112.5361°E 240 Subtropical evergreen 27 20.9 1956 2003.1-2008.12

broad-leaved forest

2 Mean annual air temperature of 2003-2008.
b Mean annual precipitation of 2003-2008.

for driving the SIPNET model included air temperature (Tg;., °C),
soil temperature (T, °C), photosynthetically active radiation (PAR,
molm~2day~!), precipitation (PRE, mm), vapor pressure deficit
(VPD;y, Pa), vapor pressure deficit between soil and air (VPDs,;;, Pa)
and wind speed (Ws, ms~1). The “daytime” and “nighttime” were
defined using astronomical criteria (solar elevation greater or less
than 0°C). The half-daily NEE, gross primary productivity (GPP),
ecosystem respiration (Re) and evapotranspiration (ET) were used
to conduct model inversion and validation.

LAI was derived from the MODIS database for a 3 x 3 km? area
centered on each site from http://modis.gsfc.nasa.gov/. Addition-
ally, to reduce the effect of cloud, the average of observation
over 3 x 3km? areas was calculated and the 8-day composites are

linearly interpolated and smoothed with a moving average of 24
days to determine twice-a-day values.

2.3. Parameterization of SIPNET

Metropolis simulated annealing algorithms (Metropolis et al.,
1953; Hurtt and Armstrong, 1996) were applied to estimate SIPNET
parameters and the associated uncertainty. In general, Metropo-
lis simulated annealing is a global optimization algorithm using
a heuristic random search based on Monte Carlo’s iterative solu-
tion. The optimization procedure performed a quasi-random walk
through the multi-dimensional parameter space to find the param-
eter set that causes the model to generate the best match between

Confirm initial value and variation range for
each parameter. t=0.5.
4
N=50000(l Randomly generated r value

»

r«[-0.5t,0.5t]

P, ew=Poiotr(max-min)
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allowable range
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convergence?
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t kept constant

A

A

P(newldata)>=P(currentldata

0.99%t
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Record last 400000 iterations

l
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Fig. 1. The procedure of parameter optimization with Metropolis simulated annealing.
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Table 2
The hierarchy of multi-constraint optimization experiments using the SIPNET
model.

Run ID Constraining data streams included in parameter optimization

NEE only all the year round

ET only all the year round

NEE and ET all the year round

NEE, ET and LAI all the year round

NEE, ET and LAI during the peak of growing season (July-August)

U W N =

the predicted value and the observed value. The algorithm had
three main characteristics: random walk, relaxation of accep-
tance criteria, and adjustment of the jump distance, which greatly
improve the speed of convergence on the global optimum and
limits false convergence on local optima (Zobitz et al., 2011). The
specific procedures of the algorithm are as follows:

1. Confirm the initial values and variation ranges for model
parameters (P) from literature-based estimates and actual mea-
surements and then determine the value of t, which governs the
fraction of the parameter’s range that can be searched in a single
iteration of the optimization.

2. Select a proposal parameter value generated based on t and the
current value.

3. Calculate the posterior probability densities for the proposal
P and the current P: P(new|data) and P(current|data). If
P(new|data)>P(current|data), the algorithm accepts the pro-
posal P,and decreases the value of t by a factor of 0.99. Otherwise,
the proposal P is rejected and t is increased by a factor of 1.01.

4. Repeat steps 2-3 until varying any parameter leads to accep-
tance approximately 50% of the time. Thereafter, fix the value of
t and repeat steps 2-3 for 500,000 times. The last 400,000 itera-
tions are used to depict the posterior parameter distribution and
associated uncertainty.

The detailed procedures for the Metropolis simulated anneal-
ing algorithm in this study was shown in Fig. 1, and more detailed
information of the parameter estimation procedure was described
by Braswell et al. (2005) and Ren et al. (2013).

To evaluate the effects of constraining variables on model
optimization and prediction, we performed five optimization
experiments using different constraining variables and data record
length (see Table 2 for optimization experiments conducted with
different data streams).

We employed leave-one-out cross validation method
(Groenendijk et al., 2011; Zhang et al., 2011) to evaluate the
model performance. Each of the 6 years (2003-2008) was withheld
successively and then the data from the remaining 5 years were
used to optimize the model parameters. The actual fluxes (i.e., NEE,
GPP, RE and ET) for the omitted year was then compared to the
model estimated fluxes with the optimized parameters using the
training data set of all other 5 years. This procedure was repeated
for each site, resulting in a number of parameters equal to the
number of data years (n =6 in this study). Therefore, we performed
30 optimizations for 5 experiments and 6 years at each forest
ecosystem. The coefficient of determination (R%) and root mean
square error (RMSE) for comparing the measured and simulated
fluxes were used to quantify the model performance.

2.4. One-at-a-time (OAT) sensitivity analysis

The One-at-a-time (OAT) approach is one of the simplest and
most common sensitivity analysis methods, which repeatedly
varies one parameter at a time while holding the others fixed
(Gardner et al., 1980; O’Neill et al., 1980; Larocque et al., 2008). The
sensitivity coefficient (8) for each parameter of SIPNET could be

Table 3

The results of the OAT sensitivity analysis for parameters of SIPNET (using QYZ as an
example). Key parameters and their sensitivity coefficient (8) on the model output
variables (i.e., NEE, GPP, Re, ET) at twice-a-day time step were shown.

Parameters Ranking with Bnge Bnee Berp Bre Ber

As° 1 1.67 1.32 0.34 0.71
Anmax” 2 1.60 128 0.62 0.69
Cfmcr 3 1.60 1.28 0.63 0.69
SLwe 4 1.25 0.95 0.34 0.49
kP 5 0.98 0.72 0.17 0.36
PAR " 6 0.94 0.60 0.14 0.27
Qios 7 0.93 0.00 0.67 0.00
Qiov© 8 0.78 0.09 0.37 0.05
Top[b 9 0.55 0.36 0.42 0.13
A 10 0.54 0.33 0.32 0.20
Ke® 11 0.48 0.04 0.37 0.02
K' 12 0.43 0.31 0.25 0.18
Kwue® 13 0.42 0.23 0.09 0.49
LAL? 14 0.33 0.24 0.17 0.15
Ws,c© 15 0.32 0.17 0.06 0.23
Rse1© 16 0.23 0.14 0.06 1.02
Tpnin® 17 0.17 0.10 0.02 0.03
f 18 0.06 0.03 0.01 0.12
Rs2® 19 0.05 0.03 0.01 0.24
R4 20 0.03 0.02 0.01 0.37

2 Initial state values.

b Photosynthesis parameters.

¢ Autotrophic respiration parameters.
d Soil respiration parameters

¢ Moisture parameters.

f Tree physiological parameters.

determined by calculating the variation percentage of each model
output variables due to the 1% variation of each parameter (Eq. (8)).

VR
- 8
B=xp (8)
where VR was the variation percentage (%) of model output vari-
ables when AP varies for the parameter (or variable) P. In this
study, each parameter of the SIPNET model was varied by +10%
(i.e., AP=20%), and VR is calculated as follows:

[Tun 105 — run_joy|
TUNef

VR =100 x

(9)

where run.jgyz and run_,gyz were the predictions with +10% and
—10% variations in a given parameter (or variable) and other
parameters and variables are fixed; run,,; were the predictions of
reference simulations with all parameters or variables unchanged.

In this study, NEE, GPP, RE and ET at twice-a-day time step dur-
ing 2003-2008 were selected as the main model output variables.
The mean value of sensitivity coefficient (8) for model output vari-
ables at twice-a-day time step was calculated to represent of the
ratio of the change in the model output variables to the change in
the model parameter. Then the effects of all parameters on each
model output variable can be ranked from the averaged g.

3. Results
3.1. Key model parameters for model prediction

With the OAT sensitivity analysis, the parameters had significant
influence of the output variables of SIPNET was similar across three
forest ecosystems, with slight difference in the sensitivity ranking.
Among the 42 model parameters (Table A1), 20 parameters with a
averaged sensitivity coefficient great than 0.1 on NEE, GPP, Re or ET
(i.e. the variation percentage of model output due to the 1% varia-
tion of each parameter >0.1%) have been considered as key model
parameters (Table 3 using QYZ as an example; full description of
the parameters were shown in Table A1). The key parameters could
be classified into five types:
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Fig. 2. The posterior distribution of parameters deduced from five experiments as listed in Table 2 (using CBS in 2006 as an example). The X axis represents the parameters’

value, while the Y axis represents the frequency.

—_

. Initial state values: initial leaf area index (LAI;).

2. Photosynthesis-related parameters: average daily maximum
photosynthesis as fraction of Amax (A¢), maximum net CO; assim-
ilation rate (Amgx), canopy PAR extinction coefficient (k), half
saturation point of PAR-photosynthesis relationship (PARy;),
optimum temperature for photosynthesis (Top), foliar main-
tenance respiration as fraction of Apmgx (Kr), and minimum
temperature for photosynthesis (T, ).

3. Respiration-related parameters: soil respiration Q¢ (Qios), and
vegetation respiration Qq¢ (Qqoy)-

4. Moisture parameters: VPD-water use efficiency relationship
(Kwue), soil water holding capacity (Wsc), scalar relating soil
resistance to soil wetness (Rs¢1,Rsc2 ), fraction of soil water remov-
able in one day (f), and scalar relating aerodynamic resistance to
wind speed (Ry).

5. Tree physiological parameters: fractional carbon content of leaves

(Cfrac). carbon content of leaves on a per-area basis (SLW), frac-

tion of mean NPP allocated to leaf growth (A, ), and turnover rate

of leaf carbon (K ).

For NEE, four parameters, including two photosynthesis-related
parameters (A4 and Amgx) and two tree physiological parameter
(Cirac and SLW), had significant effects on the modeled NEE with
a B value greater than 1.0. Meanwhile, Ag, Amax and Cgqc were also
the most three sensitive parameters influencing GPP predication
and Qq¢s has the strongest effect on modeled Re. The similar sorting
order of parameter on GPP and NEE, indicating that photosynthe-
sis was the dominant process of the ecosystem’s carbon cycle. The
modeled ET was most sensitive to Ry . Besides, ET and GPP almost
had the same top 5 key parameters, including A4, Amax, Cfrqc and
SLW, reflecting the coupling between ecosystem carbon and water
flux dynamics.

3.2. The constraining effect of variables on modelparameters

Observations of NEE, ET or LAI illustrated in five optimiza-
tion experiments (Table 2) were used to constrain the SIPNET
parameters. We estimated the posterior PDFs of 20 key parame-
ters using Metropolis simulated annealing algorithms. Depending
upon the shape of posterior distributions (Fig. 2, with CBS in 2006
as an example), the optimized parameters could be classified into

three groups: well-constrained, poorly constrained and edge hit-
ting, which could demonstrate the constraining effect of variables
on model parameters and predictions.

The parameters were thought to be well-constrained by the
measurements if their posterior distributions approximated to nor-
mal distribution (Braswell et al., 2005). Our analyses indicated that
seven key parameters could be well constrained by NEE, which
mainly included the photosynthesis-related parameters (Amax, k
and Ty, ), respiration-related parameters (Qqgs and Qqgy), and tree
physiological parameters (A; and SLW). Six moisture parameters
(i.e., Kwue, f, Wse, Rie, Rsc1, and Rge) could be well constrained
by ET. When both year-round NEE and ET were used in optimi-
zing model parameters, 11 parameters could be well constrained.
Moreover, when LAI was added, two more parameters related to
initial state values (LAl;) and photosynthesis (PAR; ;) could be well-
constrained. For NEE and ET during the peak of growing season, only
six parameters could be well-constrained.

The posterior distributions of those parameters with edge hit-
ting patterns were often concentrated on the values in proximity
to the extreme values of the parameters’ ranges. In the opti-
mization with year-round NEE as constrained variables (Run 1),
seven parameters (e.g., Ay and Kr) had a skewed distribution. With
year-round ET as the constraining variables (Run 2), the posterior
distribution of six parameters (e.g., Amax and A; ) were edge hitting.
When NEE and ET were used together in parameter optimization
(Run 3), six parameters were also edge hitting. The edge hitting may
be partly due to the insignificant constraining role of the data in the
model’s parameters and the limit of model’s parameter threshold
(Braswell et al., 2005).

The posterior distributions of the poorly constrained parame-
ters were uniformly distributed. Except one moisture parameter
(i.e., f) in the carbon-only optimization experiment (Run 1), and
three parameters related to respiration and tree physiology (Q1gy,
Qj0s and K;) in the water-only optimization (Run 2) were uniformly
distributed, few poorly constrained parameters were found in the
other three optimization experiments.

Overall, NEE observations had significant roles in constrain-
ing 19 out of 20 model parameters. When only ET was used to
constrain the model’s parameters, some parameters in the model,
particularly the respiration-related ones, were poorly constrained
with uniform posterior distributions. When LAI was added to the
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Table 4
Average and standard deviations (in brackets) of the SIPNET parameters at three
forest ecosystems during 2003-2008.

Parameters CBS QYz DHS

A4 0.73 (0.08) 0.76 (0.09) 0.75 (0.06)
Amax 25.98 (4.73) 24.05 (5.74) 23.12(1.98)
Chrac 0.46 (0.02) 0.46 (0.03) 0.45 (0.03)
SLW 93.87(19.88) 65.72 (5.69) 63.94 (2.45)
k 0.56 (0.05) 0.54 (0.08) 0.53 (0.05)
PAR; > 4.03(0.02) 4.53(0.43) 4.66 (0.27)
Qios 2.54(0.32) 1.69(0.13) 1.71 (0.07)
Qiov 1.47 (0.05) 1.68(0.13) 1.8(0.17)
Topt 29.98 (0.01) 29.98 (0.04) 29.96 (0.04)
AL 0.36 (0.08) 0.15(0.23) 0.3 (0.02)
Kr 0.29 (0.01) 0.11 (0.05) 0.06 (0.01)
Kt 0.5(0.01) 0.15(0.17) 0.93 (0)
Kwue 14.93(0.78) 13.99 (0.21) 9.53 (0.14)
LAI; 3.81(0.27) 4.23(0.62) 3.65 (0.25)
We 17.41(5.14) 24.67 (1.51) 28.38(1.15)
Rsc1 11.75(2.22) 9.76 (1.58) 14.6 (0.66)
Tmin 4.24(0.25) —5.67(1.03) —6.6 (1.29)
f 0.04 (0.02) 0.12 (0.05) 0.03 (0)
Rsc2 6.39 (2.49) 4.13(1.6) 8.1(0.67)
R4 238.19(99.17) 113.14(85.26) 3.06 (1.47)

optimization (Run 4), the number of well-constrained parameters
was increased. In particular, when the model was constrained with
ET and NEE during the peak of growing season, the posterior distri-
bution of the model’s parameters change from normal distribution
to skewed distribution, suggesting the sample size and tempo-
ral representativeness of the constraining variables had important
impacts on the estimation of model parameters.

3.3. Optimized parameters and associated uncertainty

From the results of the optimized parameters, it could be
observed that the posterior distributions of some parameters were
not normal (see Fig. 2). The posterior mean value and standard
deviation could not fully describe the parameter posterior distri-
bution. Therefore, the ‘optimal’ estimation and confidence interval
must be used to describe the distribution. The posterior statistics
of optimized parameters under five experiments were shown in
Fig. 3 (‘optimal’ estimates and 90% confidence interval for opti-
mized parameters in CBS in 2006 are taken as an example). When
only NEE was used to constrain the model’s parameters (Run 1), it
lead to significant uncertainty of the results, although its constrain-
ing effect was better than ET alone (Run 2). Including the NEE and ET
data simultaneously (Run 3) tends to result in narrower confidence
intervals compared to when only NEE or ET data were used (Runs 1
and Run 2). Compared to the tower NEE and ET measurements, we
also found that LAl measurements, to a lesser degree, contributed
reductions in uncertainties in parameter estimates. Furthermore,
instead of involving the year-round observations in constraining
the model’s parameters, using only the data in the growing peak
season (Run 5) significantly increased the uncertainty of estimated
parameters.

Although different optimization experiments in the same
ecosystem may lead to different ‘optimal’ estimates and confidence
intervals of the model parameter, these differences were not large
enough to affect the parameter comparison among different for-
est ecosystems (Table 4). Overall, the differences in the results of
the optimized parameters for the three different forest ecosystems
depend on specific parameters. Among the three forest ecosystems,
several parameters show great difference from each other. Specifi-
cally, Amgx in CBS (25.98 nmol CO, g~1s~1) is significantly higher
than that in QYZ (24.05nmol CO, g~ 1s~1) and DHS (23.12 nmol
CO, g~1s~1). This was also the case for the SLW, Q1¢s, Rsc1, Rscz and
W, in CBS compared with those in QYZ and DHS. For Kyyg and Ry,

Table 5

The model performance (i.e., coefficient of determination - R? and root mean square
error — RMSE) for the five experiments illustrated in Table 2 in three forest ecosys-
tems in China.

Fluxes Run ID CBS QYZ DHS
R? RMSE R? RMSE R? RMSE

NEE 1 0.84 1.01 0.91 0.90 0.91 0.63
2 0.57 7.94 0.43 6.61 0.53 6.55
3 0.83 1.06 0.92 0.83 0.91 0.64
4 0.82 1.07 0.87 1.05 0.90 0.66
5 0.82 1.18 0.86 1.06 0.82 1.02

ET 1 0.25 0.08 0.41 0.09 0.10 0.12
2 0.81 0.04 0.78 0.06 0.80 0.04
3 0.74 0.05 0.77 0.06 0.78 0.05
4 0.74 0.05 0.82 0.05 0.80 0.05
5 0.71 0.05 0.48 0.10 0.72 0.05

the optimal value in CBS was the greatest, which were followed by
QYZ and DHS.

3.4. Overall agreement between observation and model
predictions with optimized parameters

With the ‘optimal’ parameters in three forest ecosystems, simu-
lation performances of SIPNET for five experiments (Table 2) were
illustrated using a Taylor Diagram (Fig. 4), which could intuitively
demonstrate the consistency between the simulated values and
measured data. According to the mathematical meaning of the
Taylor Diagram (Taylor, 2001), four statistical quantities are geo-
metrically connected: the correlation coefficient (r), the standard
deviation (SD) of observation, the SD of model simulation, and the
centered pattern root-mean-square. The polar axis displays the
correlation coefficient and the radial axes display the root mean
standard deviation (RMSD) of the modeled variable. The Obs point
in the figure means the simulated value is the same as the mea-
sured value and the correlation coefficient is 1. Simulated values
in agreement with the observed values will lie near the Obs point,
with relatively high r and low RMSD.

The assessment of model performance indicated that carbon and
water exchanges could be well simulated by the SIPNET model with
‘optimal’ parameters in Run 3 for three forest ecosystems in China
(Fig. 4). However, if only using the ET (or NEE) data to constrain the
model and simulate the ecosystem’s NEE (or ET), there will be great
difference between the model predictions and observations. This
indicated that although there was a strong coupling between the
ecosystem carbon and water exchange processes, only using a cer-
tain type of data to constrain the model and predict the ecosystem’s
overall carbon and water exchanges could result in great deviation.
Including year-round LAI to the optimization (Run 4), the model
performance was basically conform to the result in experiment 3,
with the model fit to the observed NEE fluxes reduced and to the
observed ET increased only slightly. As for the measured data with
different data record length, the consistency between simulated
and measured values of NEE and ET using only the measured data
in the peak growing seasons was lower than thatin Run 3 and Run 4.
This finding suggested that careful consideration should be given to
the temporal representativeness of constraining data when optimi-
zing the model’s parameters for ecosystems with distinct seasonal
variations.

Specifically, in the process of extrapolating the ‘optimal’ param-
eter set acquired with leave-one-out cross method using both
year-round NEE and ET as model constraints (Run 3), the mean
value R? of simulated NEE for CBS, QYZ and DHS during the
study period were calculated to be 0.83, 0.92 and 0.91, respec-
tively (Table 5). The simulation performances for ET were generally
lower than that for NEE (R2=0.74, 0.77 and 0.78 for three forest
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Fig. 3. A box diagram of parameters estimated for SIPNET using different data constraints (using CBS in 2006 as an example). The X axis represents the number of five
experiments as illustrated in Table 2, while the Y axis represents the simulated values of the parameters. The red solid dot is the ‘optimum’ estimates of the parameter set.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ecosystems, respectively). Overall, using the ‘optimal’ value of opti-
mized parameters based on year-round NEE and ET could simulate
the carbon and water fluxes in three forest ecosystems in China
(Fig. 5).

4. Discussion

We have used a variety of different variables from EC
observations (i.e., NEE and ET) and MODIS products (LAI) to
constrain the key parameters of the SIPNET model for three
forest ecosystems in China. In our study, OAT sensitivity anal-
ysis, a local sensitivity analysis method, was performed to
rank key parameters of SIPNET by calculating the ratio of
model results while the input parameter was varied by +10%.
The sensitivity results showed that, among three different for-
est ecosystems, the prediction of NEE, GPP, Re and ET were
mostly affected by photosynthesis-related parameters. Although

OAT sensitivity analysis was a local approach, it reached
the similar rankings of the top several sensitive parameters
of ecosystem processed models with global sensitivity analysis
approaches (Tang and Zhuang, 2009; Yu and Harris, 2009). For
example, using a global sensitivity analysis with the first-order
impact ratio (FOIR), Tang and Zhuang (2009) found that the sim-
ulated carbon fluxes of terrestrial ecosystem model (TEM) were
mostly affected by three photosynthesis-related parameters (i.e.,
the maximum rate of photosynthesis, the half-saturation constant
for CO, uptake by plants, and the half-saturation constant for
photosynthetically active radiation used by plants). Using four-
teen methods of parameter sensitivity analysis, Hamby (1995)
pointed out that both local and global techniques resulted in
similar rankings of the top several sensitive parameters. The
simplest among the sensitivity analysis methods used produced
results comparable to those obtained by methods more compu-
tationally expensive (Confalonieri et al., 2010). Theoretically, the
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dominant influence of photosynthesis parameters on the simu-
lation of carbon fluxes of process-based biogeochemistry models
maybe due to the fact that GPP was a major determination of
carbon and water exchange between terrestrial ecosystems and
atmosphere (Richardson et al., 2010). The appropriate method to
identify the model key parameters will depend on the research
question being addressed.

Previous studies have reported limited success in estimating
model parameters using eddy flux alone. For example, Wang et al.
(2001, 2007) and Knorr and Kattge (2005) found that only 3-6
parameters could be well-constrained. Here, in the first experi-
ment, using NEE observations only (Run 1), posterior distributions
were poorly constrained for most moisture parameters; there were
large errors in ecosystem ET simulations when compared with
observations from these unreasonable parameters values (Fig. 4).
Similarly, the study by Moore et al. (2008) showed that the carbon-
only optimization was insensitive to imposed changes in water
availability. The lack of constraint by observed ET allowed the
model to move water-use efficiency to unrealistically high values
during the parameterization process (Fig. 5). In ET-only mode (Run
2), as showed in the second experiment, the respiration-related
parameters were poorly constrained with uniform posterior dis-
tributions, which lead the most deviation between observation
and simulation of NEE (Fig. 5). In Run 1 and Run 2, the poorly
constrained parameters made the simulated results deviate sig-
nificantly from their measured values. We observed that in the
carbon-only experiment, the lack of constraint by observed ET
resulted in a dramatically underestimate of the magnitude of T,
which moved the linkage between GPP and T, expressed as water
use efficiency, to unrealistically high values. This could be due to
the model attempt to increase Es to balance seasonal dynamics
in the soil moisture content. Similar results were also occurred
in the water-only experiment. These two experiments indicated

that although there was a strong coupling between the ecosystem
carbon and water exchange processes, and the inter-relationship
linkage was also simulated in the model, only using a certain
type of data to constrain the model could result in great devi-
ation. In contrast, the coupled NEE/ET optimization in the third
experiment resulted well-constrained parameters and a far more
plausible simulation of both NEE and ET. Beyond the tower fluxes,
while LAI were used simultaneously as joint constraints, the num-
ber of well-constrained model parameters was increased. However,
compared the experiment with NEE and ET as constraints, the
model performance in experiment four with LAI added were not
improved significantly. We expected this minimal contribution of
canopy structural data was related to the relationship between
LAI and GPP. Because GPP was a major determinant of NEE,
there was already information on LAI contained in the NEE time
series.

With year-round NEE and ET as model constraints, in the third
model experiment, it showed there were great variations in the
magnitude of ecosystem Amax and Kyyg. The ecosystem Apqx at CBS
was higher than that of QYZ and DHS, while both QYZ and DHS were
evergreen forest (Table 1). The probable reasons might be related
to the limited growing season at CBS. Studies have demonstrated
that the photosynthetic capacity of forest ecosystems with limited
growing season usually was higher than forests that carried mul-
tiple years of foliage (Falge et al., 2002; Zhang et al., 2006a,b). A
representation of the carbon-water coupling in the model could
only be achieved when the model was informed by observation of
the carbon and water fluxes (Moore et al., 2008). Kwyg, the rela-
tionship between the plant’s photosynthesis without water stress
(GPPpo¢) and plant’s potential transpiration (Tpo¢), was a key indica-
tor in SIPNET to fully understand the coupling between carbon and
water cycles within ecosystems. The high Kyyg by the optimiza-
tion indicated that there was less water stress at the site, which
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was proved in three forest ecosystems of this study. According to
actual GPP and ET at twice-day step, there exists a stronger linear
linkage between water and carbon fluxes in CBS, whereas the link-
age between GPP and ET in DHS and QYZ showed quadratic curves.
It was partly caused by the severe drought on QYZ and excessive
rainfall at DHS, which were not favor to ecosystem photosynthesis.

Our current analysis also extended our understanding of how
to design effective model-data fusion scheme given specific aims
in the use of a model. It was sufficient with SIPNET to only con-
strain parameter estimation using NEE when we only interested in
using the model to inform us about NEE and its components. The
NEE-only experiment contained no insight with which to inform
the relative magnitudes of components of ET. However, even with
LAI data streams as constraints, we were not able to derive all the
key parameters successfully. Other inverse analyses have reached
the same conclusions (e.g., Braswell et al., 2005; Richardson et al.,
2010). In order to increase the number of constrained parame-
ters, many studies have been conducted with increasing data used
(Moore et al., 2008; Richardson et al., 2010), altering model struc-
tures (Chatfield, 1995), improving optimization methods (Wuetal.,
2009) and considering the internal relationship among ecosys-
tem processes (Yuan et al., 2012). In this study, we were aimed
to improve the performances of the model simulations on NEE
and ET, the parameterization scheme using both net ecosystem
exchange (NEE) and evapotranspiration (ET) as constraining vari-
ables performed best with most well-constrained parameters. In
the experiment, a plausible representation of the carbon-water
coupling could be achieved when the model was informed by the
observations of carbon and water fluxes. Increasing data streams
in constraining model parameters does not necessarily make for a
better performance.

5. Conclusions

Measurements from eddy covariance sites provide rich source
of information for evaluating model representations of CO, and
H,0 exchange with the atmosphere. Using the eddy covariance
flux measurement and leaf area index (LAI) from MODIS at three
forest ecosystems, this modeling study demonstrated that the
photosynthesis-related parameters have significant impacts on the
SIPNET model simulation. We found that when NEE and ET were
jointly used to constrain the model, the number of well-constrained
model parameters increases, leading to improvement of the model
simulation accuracy. The parameterization scheme using both net
ecosystem exchange (NEE) and evapotranspiration (ET) as con-
straining variables performed best with most well-constrained
parameters. When LAI was added to the optimization, the number
of well-constrained model parameters was increased. Meanwhile,
optimized parameters and associated uncertainties were largely
influenced by the sample size and time representativeness of the
observation data, especially for the ecosystem with distinct sea-
sonal variations.

Our analysis has shown that there is a role for model-data
fusion analyses in studies connecting the carbon and water cycles
in forested ecosystems. Given that several flux observations sites
were achieved continuous measurements, there was tremendous
potential in the use of ecosystem process models to conduct com-
parative analysis on those parameters that most control patterns
of carbon sequestration and water loss.
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Appendix A.

See Table A1.

Table A1

The description of the SIPNET model parameters, including initial conditions.

Parameter symbol

Definition

Units

Initial state values
CW,O

Initial plant wood carbon
content

gCm~2 (ground)

LAI; Initial LAI (leaf area index) m? (leaf) m~2 (ground)
Cso Initial soil carbon content gCm~2 (ground)
Wso Initial soil moisture content as -
fraction of W,
Whpo Initial snow pack cm H,0 equivm—2

Photosynthesis parameters

Amax

Ad

K
Tinin
Topt

Kvep

Evep

PAR;,

k

Maximum net CO, assimilation
rate

Average daily maximum
photosynthesis as fraction of
Amax

Foliar maintenance respiration
as fraction of Apax

Minimum temperature for
photosynthesis

Optimum temperature for
photosynthesis

Slope of VPD-photosynthesis
relationship

(Dvep =1 —Kypp - VPDE™)
Exponential of
VPD-photosynthesis
relationship

(Dvpp =1 — Kypp - VPDEv)
Half saturation point of
PAR-photosynthesis
relationship

Canopy PAR extinction
coefficient

Phenology parameters

(ground)

nmol CO, g~! (leaf)s!

kPa-!

mol m—2
(ground)day~!

Don Day of year for leaf out Day of year (DOY)
GDD,p Growing degree days (GDD) *Cday
threshold for leaf appearance
Ton Soil temperature threshold for ~ °C
leaf appearance
Doy Day of year for leaf drop Day of year (DOY)
Ly Leaf growth at start of growing g Cm~2(ground)
season
Ly Fraction of leaves that fall at -

end of growing season

Autotrophic respiration parameters

Ka Wood respiration rate at 0°C gCg~!Cyear!
Qiov Vegetation respiration Qo -
Sta Amount that foliar respiration -
is shutdown if soil is frozen
Spe Threshold of soil temperature °C

below which Sg, and f; kick in

Soil respiration parameters

Ks

Soil respiration rate at 0°C and
moisture-saturated soil

gCg'Cyear!
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Table A1 (Continued)

Parameter symbol Definition Units
Qios Soil respiration Qqo -
Rsm Scalar determining the effect of -
soil moisture on soil
respiration
Moisture parameters
E Fraction of rain immediately -
intercepted and evaporated
fa Fraction of water entering soil -
that goes directly to drainage
Vs Snow melt rate cm H,0
equiv°C-'day!
f Fraction of soil water -
removable in 1 day
fr Fraction of soil water that’s -
available if soil is frozen
Kwue VPD-water use efficiency mgCO, kPag~! H,0
relationship
Ws,e Soil water holding capacity cm (precip equiv)
Ry Scalar relating aerodynamic -
resistance to wind speed
(rg=Ra/u)
Rsc1 Scalar relating soil resistance -

to soil wetness
(Tsoit = €Rsoit,1 ~Rsoit, 2 (W/We))
Rscz Scalar relating soil resistance _
to soil wetness
(Tsoit = @Rsoit, 1 ~Rsoit, 2-(W/We))
Tree physiological parameters

SLW Carbon content of leaves on a gCm~2 (leaf)
per-area basis

Girac Fractional carbon content of gCg! (leaf)
leaves

AL Fraction of mean NPP allocated -
to leaf growth

Ky Turnover rate of leaf carbon gCg'Cyear!

Ky Turnover rate of plant wood gCg ' Cyear!
carbon
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