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Institute of Botany and Ecophysiology, Faculty of Agricultural and Environmental Sciences, Szent István University, H-2103 Gödöllő, Páter K. u. 1., Hungary
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a  b  s  t  r  a  c  t

Apart  from  measurements,  numerical  models  are  the  most  convenient  instruments  to  analyze  the  carbon
and  water  balance  of  terrestrial  ecosystems  and  their  interactions  with  changing  environmental  con-
ditions.  The  process-based  Biome-BGC  model  is  widely  used  to  simulate  the  storage  and  flux  of water,
carbon, and  nitrogen  within  the  vegetation,  litter,  and  soil  of  unmanaged  terrestrial  ecosystems.  Consider-
ing herbaceous  vegetation  related  simulations  with  Biome-BGC,  soil  moisture  and  growing  season  control
on ecosystem  functioning  is inaccurate  due to the  simple  soil  hydrology  and  plant  phenology  represen-
tation  within  the model.  Consequently,  Biome-BGC  has  limited  applicability  in herbaceous  ecosystems
because  (1)  they  are  usually  managed;  (2) they  are  sensitive  to soil  processes,  most  of  all  hydrology;  and
(3) their  carbon  balance  is closely  connected  with  the  growing  season  length.  Our  aim  was  to  improve
the  applicability  of  Biome-BGC  for managed  herbaceous  ecosystems  by  implementing  several  new  mod-
ules, including  management.  A new  index  (heatsum  growing  season  index)  was  defined  to  accurately
estimate  the first  and  the  final  days  of  the  growing  season.  Instead  of  a simple  bucket  soil sub-model,
a  multilayer  soil sub-model  was  implemented,  which  can  handle  the  processes  of  runoff,  diffusion  and
percolation.  A  new  module  was implemented  to simulate  the ecophysiological  effect  of  drought  stress
on plant  mortality.  Mowing  and grazing  modules  were  integrated  in order  to quantify  the functioning
of  managed  ecosystems.  After modifications,  the  Biome-BGC  model  was  calibrated  and  validated  using
eddy covariance-based  measurement  data  collected  in  Hungarian  managed  grassland  ecosystems.  Model
calibration  was  performed  based  on the  Bayes  theorem.  As a result  of  these  developments  and  calibra-
tion,  the  performance  of  the  model  was substantially  improved.  Comparison  with  measurement-based

estimate  showed  that  the  start  and  the end  of  the  growing  season  are  now  predicted  with  an  average
accuracy  of  5 and  4 days  instead  of 46  and  85  days  as  in the original  model.  Regarding  the  different  sites
and  modeled  fluxes  (gross  primary  production,  total  ecosystem  respiration,  evapotranspiration),  relative
errors were  between  18–60%  using  the  original  model  and  10–18%  using  the  developed  model;  squares
of  the  correlation  coefficients  were  between  0.02–0.49  using  the original  model  and  0.50–0.81  using the
developed  model.
. Introduction

The biosphere-soil system is a sensitive carbon pool (Körner,
003). The terrestrial carbon budget can change rapidly and

ignificantly through changing environmental conditions (rain-
all, temperature, radiation, nutrition status), and can interact
ith the climate through the greenhouse effect (Ciais et al.,
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1995; Friedlingstein et al., 2006). While in the last 10,000 years
the terrestrial carbon budget has been approximately balanced
(Friedlingstein and Prentice, 2010), in the past few decades the
land biosphere has turned into a net CO2 sink (Le Quéré et al.,
2009). We  cannot preclude the possibility that further increases
in temperature and changes in precipitation amount and timing,
coupled with changing nutrient availability, will interfere with the

carbon sequestration capacity of terrestrial ecosystems, resulting in
a biosphere that will ultimately strengthen the greenhouse effect
(Friedlingstein and Prentice, 2010). While the future behavior of the
biosphere is not yet known, the changing CO2 concentration in the
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tmosphere (and therefore climate change) cannot be constrained.
his requires the determination of possible causes of carbon bud-
et change at both the ecosystem level and the global scale. Since
he terrestrial carbon budget is influenced by multiple factors, it
s essential to understand the related biogeochemical processes
Schulze et al., 2009; Friedlingstein and Prentice, 2010).

Numerical models are the most convenient instruments for this
ask, as they use mathematical descriptions of the biogeochemi-
al processes (Friedlingstein et al., 2006; Vetter et al., 2008). There
re several types of models that may  be used in ecosystem analy-
is. Regression models are based on empirically derived statistical
elationships between biometric parameters and production in the
iomes (Yuan et al., 2007; Somogyi et al., 2010). Process-based
odels simulate the functioning of the ecosystem mechanistically

hrough the ecophysiological processes (Vetter et al., 2008). This
ype of model is able to incorporate the effect of environmen-
al change on ecosystem development. Process-based ecosystem

odels usually use many ecophysiological and site parameters to
escribe the development and interaction of soil and biomass com-
onents. Therefore, a critical step in using these models is the
arameterization (Van Oijen et al., 2005; Trusilova et al., 2009;
ang et al., 2009a).
Traditionally, process-based models were developed to simu-

ate biogeochemical cycles of undisturbed ecosystems (Running
nd Hunt, 1993; Vetter et al., 2008). Most recently, the research
as focused on managed ecosystems because in certain parts of the
orld human alteration has a dominant role in the formation of the

and surface (Vitousek et al., 1997). Herbaceous ecosystems (most
f the croplands, grasslands) are frequently managed, while at the
ame time those ecosystems are very sensitive to soil processes
primarily soil moisture status in the upper soil layer) and growing
eason length (Nagy et al., 2010). Thus, not only does management
auses problems in the simulations, but adequate representation
f soil texture, hydrology, and plant phenology is also essential
Vetter et al., 2008; Weng and Luo, 2008). The modeling commu-
ity are faced with the issue that current biogeochemical models
re unable to adequately quantify the carbon dioxide exchange
rocesses of a managed, herbaceous ecosystem. Therefore, it has
ecome an important task to develop the existing process-based
odels to simulate the carbon and water exchange of the disturbed

erbaceous ecosystem without bias (Ciais et al., 2010). Some of
he existing biogeochemical models have already been extended
o simulate the carbon and water cycles of managed ecosystems
mostly croplands) with higher accuracy (e.g. ORCHIDEE-STICS,
PJmL, SiBcrop, JULES-SUCROS; Gervois et al., 2004, 2008; Bondeau
t al., 2007; Lokupitiya et al., 2009; Van den Hoof et al., 2010).

Biome-BGC v4.1.1 (Thornton, 2000) is another widely applied
iogeochemical model, which is designed to represent seven nat-
ral biomes, including evergreen needleleaf, evergreen broadleaf,
eciduous needleleaf, deciduous broadleaf forests, shrubs and
rasses. Biome-BGC was developed from the Forest-BGC family
f models (Running and Coughlan, 1988), and it was originally
esigned to simulate the biogeochemical cycling of elements in
errestrial, undisturbed ecosystems (Running and Hunt, 1993).
he early applications of Biome-BGC were principally focussed
n forests, and thus the developments were related to for-
st disturbance and management. Pietsch and Hasenauer (2002)
mplemented forest harvest in the model. Thornton et al. (2002)
eveloped the model to simulate forest fire, harvest and replanting
ith Biome-BGC. Bond-Lamberty et al. (2005) implemented species

uccession and competition between vegetation types to create
iome-BGC-MV. Tatarinov and Cienciala (2006) further developed

he model to prepare for application to manage forest ecosystems
they implemented thinning, felling and species change).

In considering herbaceous vegetation, the original model did
ot include a special crop phenology module and management
lling 226 (2012) 99– 119

was not included (Running and Hunt, 1993; Vetter et al., 2008). Di
Vittorio et al. (2010) implemented C4 perennial grass functionality
(enzyme-driven C4 photosynthesis, photosynthetic stem area, sep-
arate senescence and litterfall processes, fruit growth), improved
growing degree day phenology and agricultural practices in Biome-
BGC to create Agro-BGC. The new disturbance handler in Agro-BGC
simulates harvest, nitrogen fertilization, irrigation and fire, while
the soil hydrology scheme of the original Biome-BGC was not mod-
ified. Due to these and other model developments (Trusilova et al.,
2009; Ma  et al., 2011a,b) Biome-BGC has become an appropriate
tool to simulate managed forest and also agricultural lands.

Our main aim was  to further enhance the applicability of the
Biome-BGC model in order to improve its performance in man-
aged herbaceous ecosystems with C3 photosynthesis pathway. Our
intention was to make significant improvements in the soil hydrol-
ogy module that can be important in ecosystems with drought
stress (c.f. expected increase of drought spells in the future; IPCC,
2007; Bartholy et al., 2008). Model phenology was  also improved
in order to provide accurate estimation of the start and end dates
of the growing season. Additionally, management modules were
implemented in order to provide more realistic fluxes for managed
grasslands (including the horizontal carbon flux due to harvest).

In the present paper we  provide a detailed documentation of
the changes made in the model-logic, with only minor emphasis
on the application of the model. A forthcoming paper will focus
on the application and in-depth evaluation of the improved model
based on measurement data.

2. Materials and methods

2.1. Model description

Biome-BGC is a mechanistic biogeochemical model simulating
the storage and flux of water, carbon, and nitrogen between the
ecosystem and the atmosphere, and within the components of the
terrestrial ecosystems (Running and Coughlan, 1988; Running and
Gower, 1991; Running and Hunt, 1993; Thornton, 2000; White
et al., 2000; Trusilova et al., 2009).

Biome-BGC is an extension and generalization of the Forest-BGC
model for the description of different vegetation types including
C3 and C4 grasslands (Running and Hunt, 1993). Biome-BGC uses
daily time-steps, and is driven by daily values of maximum and
minimum temperatures, precipitation amount, solar radiation, and
vapor pressure deficit (VPD). Biome-BGC uses meteorological data,
site-specific data (soil texture, effective soil depth, annual mean
nitrogen deposition and biological nitrogen fixation, site elevation
and latitude), and ecophysiological data (e.g. maximum stomatal
conductance, canopy specific leaf area, etc.; see Thornton, 2000
and White et al., 2000) to simulate the biogeochemical processes of
the given biome. The main processes assessed are photosynthesis,
allocation, litterfall, carbon (C), nitrogen (N) and water dynamics
in the plant, litter and soil. In the present work Biome-BGC v4.1.1
is used (Thornton, 2000) with modifications described by Trusilova
et al. (2009) to simulate the carbon and water fluxes of Hungarian
grasslands.

The most important blocks of the model are the carbon flux
block, the phenological block and the soil flux block. In the carbon
flux block gross primary production (GPP) of the biome is calculated
using Farquhar’s photosynthesis routine (Farquhar et al., 1980).
Autotrophic respiration is separated into maintenance and growth
respiration. Maintenance respiration is the function of the nitrogen

content of living material, while growth respiration is calculated
proportionally to the carbon allocated to the different plant com-
partments. The phenological block calculates foliage development;
therefore it affects the accumulation of carbon and nitrogen in leaf,
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tem, root and litter. The soil block describes the decomposition
f dead plant material and soil carbon pools (Running and Gower,
991).

In Biome-BGC the main parts of the ecosystem are defined as
lant, soil and litter. In the present work, the C3 grass sub-model
f Biome-BGC was used (hereinafter it is referred to as Biome-
GC). Since the C3 grass sub-model of Biome-BGC simulates water,
arbon and nitrogen cycles of grass, the following main pools are
efined: leaf (carbon, nitrogen and water, where the latter is the
ater intercepted by the canopy), fine root (carbon, nitrogen), soil

carbon, nitrogen and water) and litter (carbon, nitrogen). Carbon
nd nitrogen pools have sub-pools, i.e. actual pools, storage pools
nd transfer pools. Actual sub-pools contain the amount of carbon
r nitrogen available on the actual simulation day. Storage sub-
ools store the amount that will appear next year (like a core or
ud), while the transfer sub-pools store the whole content of the
torage pool after the end of the actual transfer period (defined
y model parameters) until the next, and what will be transferred
radually into the leaf carbon pool (like a germ) in the next transfer
eriod.

The model simulation has two phases. The first is the spin-up
self-initialization) simulation, which starts with very low initial
evel of soil carbon and nitrogen, and runs until a steady state is
eached with the climate in order to estimate the initial values of
he state variables (Thornton, 2000; Wang et al., 2009b).  For the
pin-up phase, the 1901–2000 period was used, as the basic meteo-
ological data were available from the CRU TS 1.2 database (Climatic
esearch Unit, University of East Anglia; Mitchell et al., 2004).
his database contains monthly average temperature and diur-
al temperature range, as well as monthly precipitation amount
ata. Though the quality of CRU TS 1.2 was found to be poor when
pplied to single points in heterogenous terrain (Eastaugh et al.,
010), experience shows that it performs well in the lowlands of
ungary. For the preparation of the daily meteorological data, a

tatistical weather generator (C2W) was used (Bürger, 1997). The
econd phase, the normal simulation, uses the results of the spin-up
imulation as initial values for the carbon and nitrogen pools. This
imulation is performed for a given, predetermined time period.
n this phase, mainly in situ measurements are used (vapor pres-
ure deficit, maximum and minimum temperature, precipitation,
lobal radiation). The missing daily meteorological data, not avail-
ble from in situ measurements, were estimated by the MTCLIM
odel (Thornton et al., 2000).

.2. Measurement sites

The eddy covariance technique is a prime measurement method
o calculate vertical turbulent fluxes within the atmospheric
oundary layer. Such flux measurements are widely used to esti-
ate surface latent heat (LE) and carbon dioxide (CO2) fluxes

Baldocchi et al., 2001). The net CO2 exchange (Net Ecosystem
xchange, NEE) is the difference of total ecosystem respiration (TER,
ositive value) and gross primary production (positive value) (NEE

s negative if CO2 is being taken up by the biosphere).
The validation of the model simulation is based on the com-

arison of model output and measured data. Carbon dioxide and
atent heat fluxes over herbaceous vegetation have been measured
y the eddy covariance technique at three Hungarian sites. The
ite-specific measurements used in this study as input and verifi-
ation data are provided by two of these sites: Hegyhátsál (Barcza
t al., 2003; Haszpra et al., 2005) and Bugac (Nagy et al., 2007,
010). For flux partitioning of the measured NEE into GPP and TER,

e used a method based on the extrapolation of nighttime NEE
ata (equals to nighttime total ecosystem respiration) to daytime.
he extrapolation is performed with a temperature dependent
esponse function. In order to capture the short-term variability
lling 226 (2012) 99– 119 101

of the response function, time intervals of varying lengths are
used (depending on data coverage). For detailed description of the
method we  refer to Reichstein et al. (2005).

2.2.1. Hegyhátsál
Hegyhátsál (46.95◦N, 16.65◦E, 248 m a.s.l.) is located in

the western part of Hungary. In the framework of a joint
Hungarian–Japanese co-operation, eddy covariance measurements
were performed in 1999–2000 over a managed, species-rich, semi-
natural grass field, at 3 m above the surface (Barcza et al., 2003). The
climate of the Hegyhátsál region is temperate continental, and the
soil is silty. Due to malfunction of the anemometer the measure-
ments were ceased in 2001, and then resumed in 2006. The grass is
mowed twice a year, and the mowed  grass is taken away from the
site and utilized as fodder (Barcza et al., 2003; Nagy et al., 2010).

2.2.2. Bugac
Bugac (46.69◦N, 19.60◦E, 111 m a.s.l.) is situated in the Hungar-

ian Great Plain. The terrain around the measurement site is flat,
and the surface is slightly undulated. The climate of the region is
temperate continental, and the soil is sandy. The vegetation is semi-
arid sandy grassland, and frequently undergoes drought conditions.
The grassland is part of the Kiskunság National Park. The area of the
grassland is 550 ha, and it served as pasture for a herd of the Hun-
garian grey cattle for more than 20 years. The grazing pressure is
low (typically less than one animal hectare−1). The eddy covari-
ance measurements (at 4 m above the ground) were started in July,
2002, within the framework of the Greengrass project of the Euro-
pean Commission’s 5th R&D Framework Programme, and has been
running since then (Pintér et al., 2008; Nagy et al., 2010).

2.3. Model calibration

The input parameters of the process-based models determine
the model output completely. However, there are several input
parameters for which values are hard to obtain directly. The
exact values of these parameters are generally unknown; there-
fore they are referred to as unknown model parameters (Kennedy
and O‘Hagan, 2001). Due to the uncertainty associated with the
unknown model parameters significant bias can be experienced
if the model is used to simulate the carbon cycle components.
Model simplifications can also cause discrepancies between mea-
sured and modeled data. Uncertainties also arise from problems
with the steady-state assumptions in the modeling logic (see e.g.
Carvalhais et al., 2008), but these issues are outside the scope of the
present paper. In order to improve model performance, at least the
unknown model parameters have to be estimated. The estimation
can be performed using inverse techniques based on measurement
data (reference data), which means that the model is being cali-
brated (Van Oijen et al., 2005; Trusilova et al., 2009).

There are a number of issues regarding parameter estimation
via numerical inversion that must be acknowledged. Mathemat-
ical methods used for parameter estimation usually handle the
model as a “black box”, which means that the calibration pro-
cedure does not provide information about the processes within
the model (Wang et al., 2009b).  Due to simplifications and possi-
ble structural model errors, the optimal model parameter can be
strongly biased as the optimization forces the model parameters
so that the result matches the measured data as much as possible.
In other words, calibration can be considered successful by the user
even if the optimized model parameters are not realistic. Equifinal-
ity (or exchangeability) also causes uncertainties in the estimation

of optimal model parameters (Wang et al., 2009a). Due to the above
mentioned problems some studies actually suggest avoiding math-
ematical model calibration (e.g. Mäkelä and Valentine, 2001) and
support the use of direct field measurements to estimate model
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arameters. However, considering complex biogeochemical mod-
ls like Biome-BGC, it is not possible to measure all (or even some
pecific) internal model parameters that are necessary to perform
he simulation (and this is impossible in spatial applications). Con-
equently, considering the complexity of the models and their large
ensitivity to some of the model parameters (see Wang et al., 2009b)
here is no real alternative to parameter estimation with numerical
nversion. However, the calibration procedure has to be performed

ith a model version where the most striking structural errors are
lready eliminated. As the aim of the present study is to address a
umber of shortcomings with the original Biome-BGC model, we
elieve that calibration of the improved model will provide unbi-
sed parameter values that are realistic and that are not merely the
esults of statistical data mining.

To ensure a more reliable inversion procedure, a multiple step,
ulti-objective calibration method – similar to the method pub-

ished in Wu et al. (2009) – was implemented to estimate the
ptimal values of the unknown model parameters of Biome-BGC.
he method is based on a Bayesian approach that was successfully
pplied in a number of inversion experiments (Braswell et al., 2005;
norr and Kattge, 2005; Van Oijen et al., 2005; Wang et al., 2006,
009a; Hidy et al., 2007; Trusilova et al., 2009). Reference data used

n our calibration procedure are GPP, TER and LE. No gap-filled
ddy covariance data are used in the calibration procedure. The
escription of the calibration method can be found in Appendix A.

. Model development I: improvement of model structure

First, we discuss the problems related to the model structure
nd we introduce our solution to a number of recognized problems
hat are characteristic to herbaceous ecosystems.

For forest ecosystems, the initiation of the growing season is suc-
essfully modeled using cumulative thermal summation (Caprio,
993). In grasslands, the growth is influenced by a variety of fac-
ors beyond temperature, most of all precipitation and soil moisture
White et al., 1997). Biome-BGC was originally developed to simu-
ate forest carbon and nitrogen dynamics (Forest-BGC; Running and
oughlan, 1988; Running and Gower, 1991). The beginning and end
f the vegetation period are different in forests and grasslands due
o the different physiological processes. It is an important task to
valuate, and if needed, to improve the prediction of the onset and
ffset days of the growing period of herbaceous ecosystems.

Grassland ecosystems in arid or semi-arid regions are limited
rimarily by soil moisture (White et al., 1997). In some regions,
ne important feature of the grassland’s annual carbon cycle is the
ummer plant wilting, prolonged wilting leaf senescence caused
y the drought, and a secondary growing season or regeneration
eriod (Nagy et al., 2010; Hussain et al., 2011). Summer wilting,
enescence and recovery may  also show remarkable interannual
ariation depending on meteorological conditions and soil-specific
haracters (Nagy et al., 2010). Therefore, the appropriate simulation
f soil hydrological processes and the plant functional response to
oil status are essential.

.1. Improvement of model phenology

The phenological state of vegetation significantly affects the
xchanges of carbon dioxide and latent heat between the ecosys-
em and the atmosphere (Churkina et al., 2005; Jolly et al., 2005). To
etermine the start of the growing season, the phenological state
imulated by the model can be used. We  experienced that the start

f the growing season as internally calculated by the original model
s unrealistically late, at least in the case of herbaceous ecosystems
n Hungary. Biome-BGC has a built-in support for using a fixed date
or the start and the end date of the growing season during the
lling 226 (2012) 99– 119

simulation. However, when using a fixed date, large discrepancies
are expected between the simulation results and measurement
data because the start date and the end of the growing season
exhibit large interannual variability (Nagy et al., 2010). In order to
avoid these problems (especially in relation to simulations under
changing climate when a prolongation of the growing season is
expected) we have modified the phenology module of Biome-BGC.

We developed a special growing season index (HSGSI: heat-
sum growing season index), which is the extension of the GSI index
introduced by Jolly et al. (2005).  HSGSI (similar to the original GSI)
combines a set of variables into one variable for the estimation of
the beginning and end of the growing season. The definition and
the calculation method of HSGSI index is detailed in Appendix B.

To validate our new model phenology module, the start and the
end dates of the growing season estimated from eddy covariance-
based flux data are used. This is not exactly equivalent with the
vegetation period, in which the carbon uptake is the dominant pro-
cess (GPP greater than TER; NEE is negative). Our  goal is to find the
first day in the year on which carbon uptake starts (GPP greater
than 0), so the net ecosystem exchange starts to decrease (value of
derivative function of NEE is less than 0). 10-day running averages
of derivative NEE were determined in order to reduce the effects of
extremes in NEE. When the value of the smoothed derivative func-
tion is – firstly in the year – less than a limit (we chose −0.1 g C
m−2 day−2), we assume that growing season starts. Determination
of the end of the growing season is more difficult, because net car-
bon source periods can occur in the middle of the growing season
(due to drought; Nagy et al., 2010). Therefore, we have to find the
last day in the year after which the smoothed derivative function
of NEE was  continuously greater than the limit.

3.2. Improvement of the simulation of soil processes in
Biome-BGC

The moisture condition of soils has a strong influence on the
functioning of ecosystems (Nagy et al., 2010; van der Molen et al.,
2011). There are three remarkable characteristic points of soil water
status: saturation,  field capacity and permanent wilting point. Satu-
ration is the soil moisture content when all pores are filled with
water. Field capacity is the soil moisture content after the soil has
been saturated and allowed to drain freely for about 24–48 h. When
water stops draining, the remaining water is held in the soil. Per-
manent wilting point is the soil moisture content when plants have
extracted all possible water. At the permanent wilting point, the
plant will wilt and not recover in short term (plant senescence
might occur) (Campbell and Diaz, 1988).

The amount of plant available water (amount of water held
between field capacity and wilting point) depends on soil texture; it
is the highest in silt soil and the lowest in heavy clay soil (Nagy et al.,
2010). Besides air temperature and humidity, the plant available
water strongly influences the stomatal conductance and therefore
has a strong effect on the main carbon and water fluxes: gross
primary production, total ecosystem respiration (mainly through
autotrophic respiration) and evapotranspiration.

Biome-BGC was primarily developed to simulate the carbon
budget of forests (where soil moisture limitation is probably less
important due to the larger rooting depth), therefore the water
balance sub-model was simple (one-layer budget model).

Due to the importance of the hydrological processes on the car-
bon dynamics of ecosystems a few studies have already addressed
some problems with the water balance sub-model. For example,
Jochheim et al. (2009) presented forest carbon budget estimates

for Germany based on a modified version of Biome-BGC with
a multilayer soil water module (however, to the knowledge of
the authors, description and validation of their soil module is
not published). Pietsch et al. (2003) presented developments of
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iome-BGC where water infiltration from groundwater and the
ffect of seasonal flooding were taken into account in floodplain
reas.

In order to improve the simulation of water fluxes, a four-layer
oil sub-model was implemented into the model. It was shown that
our layers provide an optimal compromise between the simulation
ccuracy and computational cost (Balsamo et al., 2009). In accor-
ance with the soil layers, we also defined new water fluxes in the
odel.
The thicknesses of each layer from the surface to the bottom are

.1, 0.2, 0.7 and 2 m.  The total soil depth is 3 m with the root zone
n the upper 1 m of soil (1 m is the default value; it can be set by a
arameter). Soil properties (moisture content, soil water potential,
onductivity, diffusivity) are calculated for each layer.

Water becomes available to the plant through water movement
o the roots and root growth to take up water. To determine the
ater uptake the correct simulation of both of these processes is
ecessary.

Root growth is simulated empirically. In the growing season,
ooting depth increases from the first day (ONDAY) of the growing
eason to the maturity date (MATUR DAY) following a sigmoidal
unction (Campbell and Diaz, 1988). The actual rooting depth is
alculated as the fraction of maximum rooting depth in terms of
he fraction of time from onset day to maturity. The maturity date
an be set by the user using a new ecophysiological parameter
atur coeff. By default matur coeff is 0.5, which means the middle
ay of the growing season:

ATUR DAY = ONDAY + matur coef �f · (OFFDAY − ONDAY) (1)

here ONDAY is the start, OFFDAY is the end of the growing season
days of the year).

The time-step of the rooting depth simulation is 1 day.
Since some of the soil properties depend on temperature, it

s necessary to calculate the soil temperature for each layer; so
he thermodynamics of soil sub-model is also reconsidered in the
eveloped model. We  assume that below the lowermost bound-
ry (3 m)  the soil properties are constant: the soil temperature is
ssumed to be equal to the annual mean air temperature which
an be set by a parameter; the other soil properties (soil moisture
ontent, conductivity, and diffusivity) correspond to field capacity
alues (Chen and Dudhia, 2001).

.2.1. Simulation of soil thermodynamics
The goal was to determine the average temperature of each soil

ayer and to calculate its diurnal changes.
The daily soil surface temperature (average temperature of the

op soil layer, with thickness of 10 cm)  is determined based on the
ethod of Zheng et al. (1993).  It is assumed that the changes of daily

oil surface temperature can be predicted from the changes of daily
ir temperature using empirical functions (a 10-day running aver-
ge of daily air temperature is used as initialization value of the soil
urface temperature). The relation between soil and air tempera-
ures also depends on the presence/absence of snowcover. The rate
f the changes in soil temperature (the difference between soil sur-
ace temperature on actual and previous day) under snowcover is
ower (caused by low thermal diffusivity, and higher albedo). There-
ore, different equations are used to simulate the rate of the changes
n soil temperature if snowpack is present (Eq. (1) in Zheng et al.
1993) and Eq. (2) in Zheng et al. (1993),  respectively). It is hypoth-
sized that vegetation canopies can decrease soil temperature in
rowing season, because less radiation can be absorbed by the soil
ue to the shading effect of leaves. This shading effect is taken into

ccount based on the Beer–Lambert law using the simulated value
f leaf area index (LAI) and one of the ecophysiological parameter
f Biome-BGC, the light extinction coefficient (Eq. (3) in Zheng et al.
1993)).
lling 226 (2012) 99– 119 103

The heat flux between soil layers can be estimated by the diffu-
sion equation for soil temperature based on Fourier diffusion law.
The simulation of the thermodynamic processes based on Fourier
diffusion law would require finer grained calculations; therefore,
a nested 1-min time-step-based calculation would be necessary,
and would mean a greater increase in model computational time.
Instead, soil layer temperatures are estimated based on empirical
formula with daily time-step. The method is the following: the soil
temperature below 3 m can be approximated with the mean annual
air temperature of the given site (lower boundary condition). The
temperature of the surface layer (upper boundary condition) is esti-
mated based on the method of Zheng et al. (1993).  In this method
the change of soil surface temperature is calculated based on the
change in the air temperature considering the insulating effect of
the snowcover and the shading effect of the vegetation. The temper-
ature of the intermediate soil layers is calculated assuming linear
temperature change between top soil layer and 3 m depth. The
depth of a given soil layer is represented by the middle level of the
given layer (e.g. the thicknesses of the top soil is 0.1 m,  therefore
its depth is 0.05 m).

3.2.2. Simulation of soil hydrology
The water is supplied to the soil surface by precipitation and can

be lost in several ways. A part of the precipitation is intercepted by
the canopy and is evaporated without passing through the soil or
the plant. The amount not intercepted reaches the soil.

Among soil hydrological processes the original Biome-BGC only
takes into consideration the interception, snowmelt, outflow and
bare soil evaporation. We  have added the simulation of runoff,  dif-
fusion and percolation processes in order to improve the soil water
balance simulation (Chen and Dudhia, 2001; Balsamo et al., 2009).
The flowchart of the developed model hydrology can be seen in
Fig. 1.

In the original model with one-layer soil module, it was assumed
that if the soil moisture content rises above the saturation point
after a larger or longer precipitation event, the surplus flows out
of the soil downwards (it means that precipitation that is not
intercepted by the canopy enters the soil completely). In reality,
infiltration is occurring in the top soil layer, while the surplus
precipitation is lost from the ecosystem via runoff.  Surface runoff
is the water flow forming when the rate of rainfall on a surface
exceeds the rate at which water can infiltrate. Our runoff simu-
lation method is semi-empirical and is based on the assumption
that runoff increases as daily precipitation increases (Campbell and
Diaz, 1988). Runoff is subtracted from precipitation and the remain-
der is available for infiltration. An empirical runoff parameter (RP;
m) describes the surface storage condition and it defines the critical
amount of precipitation over which runoff occurs using an empiri-
cal function. If the precipitation, which reached the soil surface, is
greater than the critical amount, the difference will be assumed to
leave the system via runoff (Campbell and Diaz, 1988):

R = (P − RP)2

P + 0.4RP
, if P > RP

R  = 0, if P ≤ RP

(2)

where R is runoff, RP is runoff parameter, and P is the daily pre-
cipitation. Note that in the present study PR is handled as constant
(PR = 0.1) but it can be set to any other value by the user.

The downward movement of water within the soil is called per-
colation. Infiltration and percolation rates can be near zero for very
clayey soils, or can be very high for sandy and well-aggregated soils.

The fraction flowing into the soil can be stored in the root zone or
lost by deep percolation. In soil, a concentration gradient causes a net
movement of water molecules from high concentration regions to
low concentration ones, given the movement of water by diffusion.
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Fig. 1. Flow chart of the developed hydrology model with four-layer soil module (PRCP: precipitation; SNOWW:  water stored in snowpack; CANOPYW: water stored in
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anopy; TROUGH: precipitation not intercepted; EVAPOR: evaporation; TRANSPIR:

The goal was to determine the average soil moisture content
f each soil layer and to calculate its diurnal changes. The surface
ayer is special, because this is the primary sink of precipitation
nd the source of bare soil evaporation. In the other layers, only the
rocesses of diffusion, percolation and root water uptake are occur-
ing. At the bottom layer, the hydraulic diffusivity is assumed to be
ero, so that the soil water flux is due only to the gravitational deep
ercolation, which is a net water loss from the modeled soil layer.

oot water uptake can occur from layers where roots are present.
he transpiration flux of the ecosystem is assumed to be equal to
he total root water uptake on a given day. The transpiration cal-
ulation is based on Penman–Monteith equation using stomatal
iration; PERCOL: percolation).

conductance (Running and Coughlan, 1988). The calculation of the
moisture content changes in soil layers (due to diffusion, perco-
lation, root water uptake, evaporation and runoff) are detailed in
Appendix C.

Hydraulic conductivity and hydraulic diffusivity can change
rapidly and significantly with changing soil moisture content. The
time-step of the soil hydrology simulation is daily, but a finer time-
step is used for the estimation of the soil hydrological parameters.

Though the main processes of Biome-BGC are based on daily time-
steps, the simulation of the soil hydrological parameters required
finer grained calculations; therefore a nested time-step based cal-
culation was  introduced into the soil hydrology sub-module. The
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ime-step is dynamically changed (no precipitation: 3 h; small
recipitation intensity (<10 mm day−1): 1 h; large precipitation

ntensity (>10 mm day−1): 10 min).
The values of water content at wilting point, field capacity and

aturation are calculated using the Clapp–Hornberger parameter
hich is estimated based on empirical function of soil composi-

ion (Clapp and Hornberger, 1978). In the developed model version,
hese water content values can also be set by the user if measured
ata are available (in this case the Clapp–Hornberger parameter is
stimated from these measured water content values).

.3. Improvement of stomatal conductance calculation

Stomatal conductance determines the rate of flux of either water
apor or carbon dioxide through the stomata. Stomatal conduc-
ance – among others – strongly depends on soil water status, which
an be characterized by volumetric soil moisture content (Tardieu
nd Simonneau, 1998).

In Biome-BGC model the stomatal conductance calculation is
ased on environmental limiting factors (similar to other process-
ased biogeochemical models; Reichstein, 2001; Vetter et al.,
008). Stomatal conductance (g) is calculated as the product
f the maximum stomatal conductance (gmax; ecophysiological
arameter) and limiting stress functions (SF)  based on minimum
emperature (Tmin), vapor pressure deficit (VPD), and soil water
otential (� ) (Trusilova et al., 2009):

s = gmax · SF(Tmin) · SF(VPD) · SF(� ) (3)

To calculate the limiting stress functions for each variable we  set
hreshold limits (LIMIT1, LIMIT2)  – similarly to the method of grow-
ng season estimation – within which the relative limiting effect

as assumed to vary from fully constrained (0) to unconstrained
1). The values of the limits regarding the different variables can be
et by parameters.

Soil water potential (� ) is the polynomial function of volumetric
oil moisture content (�):

 = �sat ·
(

�

�sat

)−b

(4)

here b is the Clapp–Hornberger parameter, which is the function
f soil texture (Clapp and Hornberger, 1978), � sat and �sat are the
aturation values soil water potential and soil moisture content,
espectively.

Instead of the soil water potential, the volumetric soil moisture
ontent is widely used to calculate the limitation of stomatal con-
uctance (Reichstein, 2001). A practical advantage of soil moisture
ontent as a stress function is that it is easy to measure in the field.
he disadvantage is that soil moisture content is not comparable
mong different soil types. A possible solution to calculate a limiting
actor from soil moisture content is to take into account the relative
oil moisture content (�relative), which is the ratio of the actual mois-
ure content and the soil moisture content at field capacity (field
apacity depends on soil texture) (Reichstein, 2001):

relative(%) = �actual

�field capacity
× 100 (5)

Using the original Biome-BGC v4.1.1 (with the modifications
escribed by Trusilova et al., 2009) we experienced unrealistic
eaks in stomatal conductance, and consequently, in the carbon
nd water fluxes. The reason for this phenomenon is that there
re peaks in the stress function of soil water potential and there-

ore in stomatal conductance. Due to the functional form of soil
ater potential dependence on volumetric soil moisture content,

he decrease of soil moisture content causes small increases in soil
ater potential at high soil moisture content. This means that near
lling 226 (2012) 99– 119 105

the saturation (high soil moisture content), soil water potential is
not sensitive to the decrease in the soil moisture content. Conse-
quently, the stress function of soil water potential and therefore
stomatal conductance is not decreasing significantly despite of the
decrease in the soil moisture content. At lower soil moisture sta-
tus, a small decrease in soil moisture can cause huge decrease in
soil water potential.

To avoid this phenomenon, we have modified the model to use
relative soil moisture content as the stress function (of soil water
status) instead of soil water potential (instead of SF(� ), SF(�)  is
used in Eq. (3)). If enough soil water is available (no water stress
occurs) the value of the stress function is equal to 1. If the con-
ductance reduction is complete (severe water stress), the stress
function is equal to zero. The start and the end of the water stress
are determined using new ecophysiological parameters, namely
soil water content ratio at the start of the conductance reduction and at
the complete conductance reduction (Appendix A). The default soil
water content threshold limit values are related to field capacity
and wilting point, respectively (Eq. (5)).

The model requires only one soil moisture stress function
(SF(�)) to calculate stomatal conductance, and soil water status
is calculated layer by layer. Therefore, an averaged stress function
is necessary, which is the average of the layer factors weighted by
the thickness of the layers:

SF(�)  =
n∑

i=0

(
SF(�)i × �zi

zroot

)
(6)

where SF(�)  is the soil moisture stress function with regards to the
given layer, �zi is the thickness of the given layer, n is the number
of the root soil layers (where roots are present; note that it changes
during the growing season), and zroot is the depth of the root zone,
which is the bottom boundary of (n − 1)th soil layer. For example,
if the root length is less than 10 cm at the beginning of the growing
season, the number of the soil layer (n) is equal to 1; zroot is the
depth of the first layer (i = 0), which is 10 cm in our case.

3.4. Modeling the effect of drought on the biogeochemical
processes of the vegetation

Measurement data collected at the Bugac grassland site suggest
that the phenomena of summer soil drought (which causes leaf
senescence) and secondary growing period are frequent at this site.
It is a general phenomenon that sandy grassland is a carbon source
from July to late August because the soil dries out in the middle of
summer and the grass dies back (due to small amounts of rainfall).
Depending on meteorological conditions (precipitation events in
autumn) recovery can occur, which results in strong carbon dioxide
sink activity from September to late October (Nagy et al., 2007,
2010).

As we  mentioned, the stomatal conductance calculation is based
on environmental limiting factors. The most important limiting fac-
tor is the soil water status: if the plant available water decreases
due to the low level of precipitation, the stomatal conductance and
carbon uptake will decrease. In the original model when the stress
ends, the limitation of the stomatal conductance also ends and the
simulated carbon uptake returns to the original value. It means that
the original model ignores plant wilting and senescence (where the
latter is an irreversible process) caused by soil drought.

In order to solve this problem, a new module was implemented
to simulate the ecophysiological effect of drought stress on plant
mortality. If the plant available water decreases below a critical

value, the new module starts to calculate the number of the days
under drought stress (NWSD – number of water stress days). Soil
water status is assumed to be critical if the averaged soil moisture
content stress function (SF(�))  is zero.
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A wilting coefficient is calculated based on the number of the
tress days (NWSD) and the limit of soil water stress days (LWSD).
n the developed model, NWSD belongs to the ecophysiological
arameters of Biome-BGC (see Appendix A). LWSD determines the
umber of the stress days after which the plant wilts irreversibly
i.e. senescence occurs). The wilting coefficient determines the ratio
f plant material (carbon and nitrogen content of leaf and fine root)
ranslocated into the carbon and nitrogen litter pool as the results
f drought stress. The calculation of the wilting coefficient and the
hange of the new fluxes are detailed in Appendix D.

. Model development II: implementation of management
odules

Almost all land cover types (agricultural fields and most of the
orests and grasslands) are managed in Europe. For example, most
f the grassland area in Hungary is managed (either grazed or har-
ested frequently; http://portal.ksh.hu/pls/ksh/docs/eng/xstadat/
stadat annual/i omn003b.html). To simulate the effect of grass-
and management with Biome-BGC, we integrated new modules
nto the model: the simulations of mowing and grazing. To simulate
he effect of management activities on the carbon, nitrogen and
ater pools, we  defined new fluxes within the pools, and between

he pools and the environment. The parameters of the new modules
an be set by the user.

.1. Mowing

Mowing can be simulated based on the one-sided LAI before and
fter mowing (Herrmann et al., 2005). Simulation of mowing is not
ossible outside the growing season because in the dormant period,
he content of the leaf carbon and nitrogen pool is assumed to be
ero in Biome-BGC. We  defined three ways of mowing calculation:
ased on after-mowing value (which means that after mowing, the
alue of the LAI decreases to a fixed value); based on before-mowing
alue (which means that mowing has occurred when the value of
he LAI reaches a fixed value); or, based on selection of a pre-defined
ay (regardless of the value of LAI). After mowing the cut-down
raction of the above ground biomass can be taken away or can
e left at the site. In the first case, the cut-down plant material is
xcluded from the further calculations; in the second case it goes
o the litter pool.

Eight parameters are defined to simulate mowing:

number and day of the year of mowing
flag for choosing the type of mowing simulation method (after-
mowing, before-mowing or on pre-defined day)
the value of LAI after mowing, in cases of after-mowing method
the value of LAI before mowing, in cases of before-mowing
method
number and date of the days of mowing, in cases of pre-defined
day method
flag indicating whether mowed grass is transported from the site
or left there.

If the mowed  grass is transported away from the site, the cut-
own fraction of plant material (carbon and nitrogen) is a net loss
rom the system. The removed carbon is generally consumed by
nimals, and after digestion its carbon content returns to the atmo-
phere typically within a year (Ciais et al., 2007). This horizontally
isplaced carbon has to be taken into account when calculating

he total carbon balance of an ecosystem (Chapin et al., 2006). Net
iome production (NBP) is the difference of −NEE and the carbon
emoved. The carbon removed has a positive sign as it is associated
ith respiration. If the mowed  grass is left at the site, the nitrogen
lling 226 (2012) 99– 119

and carbon content of the cut-down fraction returns to the litter
pool of the top soil layer.

The water stored in the canopy (which is the water intercepted
by the leaves during precipitation; LEAFW)  of the cut-down frac-
tion is assumed to be evaporated (note that in precipitation-free
days, there is no intercepted water in the canopy, which means
that LEAFW = 0).

4.2. Grazing

In cases of grazing, a given amount of leaf material is consumed
by animals every day when grazing occurs (Bertora et al., 2009).
An important parameter used to simulate the effect of grazing is
the livestock unit (LSU). LSU is a unit used to compare or aggregate
different animal species and one LSU is equivalent to 500 kg live
weight (1 adult cattle = 1 LSU).

In cases of grazing, the following parameters determine the
decrease of plant material:

• first and last day of grazing period
• animal stocking rate per unit area
• daily ingested dry matter per unit LSU
• proportion of ingested dry matter which turns into litter pool as

manure
• carbon content of dry matter
• carbon and nitrogen content of manure.

Besides the defoliation effect of grazing (i.e. intake by animals),
it is also important that a fixed proportion of the above ground
biomass flows to the litter compartment as the result of excretal
returns. The amount of dead plant material returning to litter is
divided among the different type of litter pools according to their
labile, cellulose and lignin ratios defined in the model.

The calculation methods of the mowing and grazing effect
parameters, as well as that of the returning biomass flux are
detailed in Appendix E.

5. Results

5.1. Effect of model developments

5.1.1. Model phenology
The start and end days of the growing season calculated from

eddy covariance measurements are compared to the estimates of
the original model and to the estimates of the extended version
of Biome-BGC using the HSGSI index regarding the measurement
years (1999–2000; 2007–2008 at Hegyhátsál and 2003–2008 at
Bugac) (Fig. 2). Using the extended model (HSGSI index), the esti-
mated start and end days of the growing season are much closer
to those determined by the eddy covariance measurements than
those given by the original model. The start of the growing season
is now predicted with an average accuracy of 5 days instead of 46
days, the end of the growing season with average accuracy of 4 days
instead of 85 days.

5.1.2. The four-layer soil sub-module
As a result of model development, the soil temperature and soil

moisture content can be estimated layer by layer. The top soil layer
has a direct connection with the atmosphere; therefore, the tem-
perature variation is the highest in the top soil layer and decreases
with soil depth (Fig. 3). The variation in soil moisture content is
also the highest in the top soil layer. The top layer is the driest

in the growing season, because it is the source of the evaporation
and the main source of root water uptake (Fig. 3). In the bottom
layer no root (and therefore no water uptake) is assumed, because
maximum rooting depth is set to 1 m.

http://portal.ksh.hu/pls/ksh/docs/eng/xstadat/xstadat_annual/i_omn003b.html
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ig. 2. The mean start and end days of the growing season calculated from eddy cov
odel  (grey columns) and by the extended version of Biome-BGC using HSGSI inde

Comparison of the site-specific results shows that the soil tem-
erature is higher, while the soil moisture content is lower at every
oil layer at Bugac than at Hegyhátsál (Fig. 3). This is caused by the
ifferences in the soil types and meteorological circumstances; the
ater holding capacity of the soil is higher in the silty soil (Hegyhát-

ál) and lower in the sandy soil (Bugac) (Tardieu and Simonneau,
998), and the sum of the precipitation in the validation year was
60 mm at Hegyhátsál and 570 mm at Bugac (Barcza et al., 2003;
intér et al., 2008).

Since plant available water and thereby stomatal conductance
s one of the most influential factors on carbon dioxide and water
uxes, limitation of carbon dioxide uptake by soil water content is
maller at Hegyhátsál (silt soil, high sum of precipitation).

Comparisons of measured and simulated soil moisture and soil
emperature are presented in Fig. 4 in the form of Bland–Altman
lots (differences between measured and simulated results are
lotted against the average of the measured and simulated data;
ee Bland and Altman, 1987). In the case of soil moisture, the
odel generally underestimated the measured values at Hegy-

átsál and overestimated at Bugac. At Hegyhátsál, the bias is
.053 m3 m−3, and the limits of agreement are −0.15–0.256 m3 m−3

limit of agreement is defined as bias ± 2 × standard deviation
f differences; Bland and Altman, 1987). At Bugac, the bias
s −0.069 m3 m−3, and the limits of agreement are −0.115 to
0.023 m3 m−3. Considering soil temperature, the simulated values
pproximate the measured data quite well (bias is 0.25 and 0.48 ◦C
t Hegyhátsál and Bugac, respectively). The limits of agreement are
4.6–5 ◦C at Hegyhátsál, and −4.7–5.6 ◦C at Bugac.

.1.3. Stomatal conductance calculation

We present a case study to demonstrate the effect of the

tomatal conductance calculation development. We  examined
he measured meteorological data (precipitation, vapor pressure
eficit), the simulated soil water status (soil moisture content and
ce measurements (white columns) are compared to those estimated by the original
k columns) at Hegyhátsál (1999–2000; 2007–2008) and Bugac (2003–2008).

soil water potential), the simulated stomatal conductance, and
finally the measured and simulated latent heat fluxes using the
original and the extended models in a typical precipitation deficient
period from July 23, 2005 to August 7, 2005, at Bugac (Fig. 5).

There was  no precipitation between 23 July and 3 August at
Bugac (Fig. 5a). As a result, the air and the soil became drier and
drier (VPD was  increasing, soil moisture content was  decreasing;
Fig. 5b and c). Daily mean temperature was  between 20 and 30 ◦C
in this period. Comparing the results of the original (White et al.,
2000) and the extended models, it can be seen that the stomatal
conductance is higher in the original model and therefore simu-
lated soil moisture content is lower. Due to the larger stomatal
conductance, the latent heat flux is higher and the simulated data
overestimates the measured ones. Until 31 July the stomatal con-
ductance did not decrease, so the latent heat flux increased and
reached the unrealistic value of 10 kg H2O m2 day−1. After 31 July
the simulated decrease of stomatal conductance was  very sharp
and it became zero on 8 August. As a result the latent heat flux
decreased to 2 kg H2O m2 day−1 within 2 days. Using the extended
model, the decrease of stomatal conductance was smaller and more
gradual (Fig. 5e); the simulated latent heat flux started to decrease
after 27 July and its course was close to the measured one (Fig. 3f).
On 3 August, the daily sum of the precipitations was 15 mm,  while
on 4 August it was about 25 mm.  Due to the rainfall, the simulated
soil metric water potential changed from −3 to −0.2 MPa  (Fig. 3d),
while stomatal conductance reached 1 m s−1 in 2 days using the
original model. This was due to soil metric water potential that
was close to saturation, and was not sensitive to the decrease in
soil moisture content. At lower soil moisture content values, a small
decrease in soil moisture content can cause huge decrease in soil

water potential (Section 3.2). In the extended model, the drought
and rainfall affect the stomatal conductance more, and that is why
the change in the latent heat flux is more gradual and more realistic,
and consequently matched the measured data better.
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.1.4. Simulation of drought effect
We present a case study to demonstrate the effect of plant

ilting and subsequent senescence implementation. We  examine
he measured precipitation data, and the measured and simulated
ross primary production data using the original and the developed
odel from 15 June, 2003, to 30 September, 2003, at Bugac (Fig. 6).
There was no precipitation in the first month of the period exam-

ned (Fig. 6). As a result, the soil gradually became drier and drier,
he stomatal conductance was limited, and therefore GPP was low.
sing the original model version, plant wilting and the resulting

enescence caused by soil drought was ignored: when the stress
nded, the limitation of the stomatal conductance ended and the
imulated carbon uptake returned to the value experienced before
he stress value. In contrast, the extended model better simulates
he measured data; after the stress ended, the limitation of the sto-

atal conductance ended but the simulated carbon uptake did not
eturn to the value experienced before the stress, and started to
ncrease only slowly (Fig. 6) due to leaf senescence. It is clear from
he figure that the unrealistic peaks in daily GPP disappeared due
o the model development.

.1.5. Evaluation of the extended Biome-BGC
The model behavior can be evaluated with the goodness-of-fit

f the simulation to the measurement data. This was done using

elative error (RE (%): the mean difference between the measured
nd the simulated data relative to the difference of maximum and
inimum of the measured data) and square of linear correlation

oefficient (R2) between measured and modeled fluxes.
s) and simulated soil moisture content (lower figures) at Hegyhátsál (left side) and

An important error in the carbon dioxide flux simulation using
the original model is the unrealistic timing of the growing season
(Fig. 2). In order to provide meaningful model evaluation, in the
case of the original model version, user specified, fixed start and
end of growing season parameters were used (day of year 60 and
300).

The results of the quantitative model evaluation are pre-
sented in Table 1 for the two  measurement sites using the
original and the extended model. Table 1A refers to the calibra-
tion year (2007), while Table 1B refers to the validation year
(2008). The simulation improved due to the model developments
and the calibration: errors are smaller, square of correlations are
higher than in the case of the original model using the original
parameter set. RE is between 10 and 20%, R2 is between 0.50
and 0.81 with regards to the different sites, and reference data
using the developed model is based on the calibrated param-
eter set. Considering the temporal evolution of the fluxes, the
annual courses are more realistic and the fluxes are more con-
sistent with the measured data based on the developed model
(Fig. 7).

A common error of the original simulation is the overestimation
of gross primary production and latent heat flux, the underestima-
tion of net ecosystem exchange and the occurrence of unrealistic
peaks in the seasonal course of the simulated fluxes. Due to the

model improvements, those errors decreased at the Bugac site
where drought frequently occurs.

The quantitative results of the model calibration, together with
the optimal parameter values, are presented in Appendix F.
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Fig. 4. Bland–Altman plots showing the comparison of measured and simulated soil moisture and soil temperature for Hegyhátsál and Bugac. Results from the validation
year  (2008) are presented. The dashed lines show the mean difference (bias) and the limits of agreement as defined by Bland and Altman (1987). At Hegyhátsál, the measured
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oil  moisture content is an average value for the layer from 0.1 to 0.3 m.  At Bugac, 

ayer  1. Measured soil temperature is taken from 0.06 m depth and 0.3 m at Hegyhá

. Discussion

Global minimum temperatures are increasing faster than max-
mum temperatures, but the ecological consequences of this
henomenon are largely unexplored (Alward et al., 1999). Pri-
ary production of grasslands is sensitive to increases in spring

inimum temperatures; therefore, estimating the start of the veg-

tation period is an important task of ecosystem modeling (Pereira
t al., 2007). It was shown that growing season length is closely
oupled with measured annual NEE sums (Churkina et al., 2005).

able 1
elative errors (ı; %) and square of correlations (R2) between measured and simulated
alibration year (2007) for both measurement sites, while Panel B references the validat
E:  latent heat flux.

A) Calibration year (2007) Hegyhátsál 

Original model Extended m

ı R2 ı 

GPP 18.5 0.49 11.6 

TER  24.4 0.36 11.4 

LE  57.7 0.13 18.7 

B)  Validation year (2008) Hegyhátsál 

Original model Extended mo

ı R2 ı 

GPP 21.1 0.33 13.9 

TER 17.3 0.44 7.8 

LE  49.4 0.12 15.4 
il moisture sensor is located at 0.3 m depth. Simulated soil moisture is taken from
d Bugac, respectively. Simulated soil temperature is taken from layer 0.

Previous studies also pointed out the importance of growing sea-
son control on the carbon balance of herbaceous vegetation (e.g.
Gervois et al., 2004; Nagy et al., 2010). Di Vittorio et al. (2010) used
the growing degree day (i.e. heatsum) phenology representation
to develop Agro-BGC (in the case of the original Biome-BGC). They
used an 11-day running average of daily mean temperature to pre-

dict the start of the growing season, and a threshold heatsum or
a killing frost to estimate its end. Our representation is similar to
the heatsum approach, but we  also included other environmental
constraints in the calculation, following the method of Jolly et al.

 CO2 flux data regarding the different measurement sites. Panel A references the
ion year (2008). GPP: gross primary production; TER: total ecosystem respiration;

Bugac

odel Original model Extended model

R2 ı R2 ı R2

0.67 49.4 0.03 17.4 0.63
0.78 34.9 0.02 15.7 0.48
0.60 27.8 0.05 17 0.49

Bugac

del Original model Extended model

R2 ı R2 ı R2

0.69 32.0 0.12 18.4 0.68
0.81 32.5 0.20 15.7 0.58
0.48 23.0 0.36 17.2 0.57
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Fig. 5. A case study to demonstrate the effect of the development in the stomatal conductance calculation: precipitation (a), vapor pressure deficit (b), soil moisture content
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c),  soil water potential (d), stomatal conductance (e) and the measured and simulat
n  2005 at Bugac. Black dotted lines depict measured data (in case of precipitation 

efer  to the output of the extended model. VPD: vapor pressure deficit; LE: latent h

2005).  As a result of our development (HSGSI index) the estimation
f the start and end of the growing season became more accurate,
nd it was consistent with the eddy covariance-based estimates.
ote that growing season length can be approximated in different
ays based on eddy covariance data (see e.g. Thum et al., 2009),
hich means that the HSGSI threshold cannot be considered uni-

ersal. Nevertheless, our model development is a promising new
pproach that represents progress in the biogeochemical model-
ng of natural herbaceous vegetation. Further cross-validation of
he method is necessary, and should involve other eddy covari-
nce measurement sites and probably other methods for estimating
rowing season length from eddy covariance data.

One of the most important factors that control the processes in
erbaceous ecosystems is the stomatal opening, which is strongly
imited by soil moisture content (Reichstein, 2001; Schulze, 2006).
ue to the functional form of soil water potential dependence on
olumetric soil moisture content in the original Biome-BGC model,
he related stress function exhibited unrealistic peaks, which
ent heat flux using the original and the extended model (f) from 23 July to 8 August
columns). Grey dashed lines refer to output of the original model. Black solid lines
x.

caused similar peaks in carbon and water fluxes. To overcome this
problem, we modified the stomatal stress function by utilizing rel-
ative soil moisture content. Using the improved method, drought
and rainfall affect stomatal conductance in a more realistic way
and therefore the temporal evolution of the daily latent heat flux
is more gradual. Further field examinations are needed in order to
refine the empirical connection between stress factors and stomatal
conductance.

In the case of herbaceous vegetation located in temperate cli-
mate regions, a lack of permanent green biomass indicates that
carbon sequestration basically means increasing the soil carbon
pool. It means that soil-related processes fundamentally control
the carbon and water cycle of grasslands and croplands. Using the
case study of the European heat wave during the summer of 2003,

Vetter et al. (2008) demonstrated that biogeochemical models with
a multilayer soil module performed better than single layer models
(among other models, the experiment also involved Biome-BGC).
The study suggested that significant improvements are needed in
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ig. 6. A case study to demonstrate the effect of the drought stress-related plant m
ross  primary production (lower figure) from 15 June to 30 September in 2003 at B

he soil hydrology routine of Biome-BGC in order to improve its
erformance. As a reaction to this demand, we implemented a four-

ayer soil sub-model instead of the very simple, one-layer bucket
odel. Using the developed model, soil temperature and volu-
etric soil water content can be simulated for all four layers in

 daily time-step. Validation of the new method showed that sim-
lated soil temperature agreed well with measured data. In case of
oil moisture content, systematic over- and underestimation were
xperienced with the model (depending on the examined site). The
ossible reason for this difference is the inaccurate model estima-
ion of Clapp–Hornberger parameter (which depends on soil type)
nd volumetric soil moisture content at saturation (Horváth et al.,
009). Our most important future goal is to further refine the esti-
ation of soil parameters (Clapp–Hornberger parameter, hydraulic

onductivity, and hydraulic diffusivity) in order to simulate the soil
ydrological processes more accurately. Extensive testing will be
erformed in the future to find the most reliable model structure
hat can also be used on country scale (Barcza et al., 2010) or con-
inental scale (Vetter et al., 2008) simulations. As Biome-BGC is a
opular model, the improvements in the soil module can greatly

mprove its applicability in herbaceous, but most likely in other
cosystem types as well. Increasing frequency of drought condi-
ions in the future means that the importance of soil hydrology
epresentation in the model structure will be critical, both in herba-
eous and forest ecosystems. Our developments represent progress
or the growing Biome-BGC user community.

It is a highly important task to study the vegetation responses

o dry soil and high air temperatures in order to clarify the rela-
ionship between water stress, heat stress and plant mortality. At
resent, drought-related plant mortality representation in biogeo-
hemical models is rather primitive (van der Molen et al., 2011).
ity implementation: precipitation (upper figure) and the measured and simulated

Drought-induced leaf senescence is a common phenomenon in the
Hungarian Great Plain (Nagy et al., 2010), but it is also known in
more humid regions (e.g. Hussain et al., 2011). By introducing a
new module, plant wilting and subsequent senescence caused by
soil drought can be simulated with Biome-BGC, and the simulation
can be validated directly using measured fluxes. Model evaluation
showed that after a prolonged soil water stress episode, when the
limitation of the stomatal conductance ended, the simulated carbon
uptake did not return to the value prior to the stress, in contrast to
the original model version. Using an empirical function, we  suc-
cessfully simulated the wilting-related senescence and recovery
(regrowth) of the grass in and after the summer drought period.
The new module might be useful in regions where summer drought
frequently occurs.

In order to estimate ecosystem scale carbon sequestration, it is
essential to take into account the effect of management practices
(Chapin et al., 2006; Vuichard et al., 2007a). It is widely known
that management and disturbance can significantly change the car-
bon balance of ecosystems (Thornton et al., 2002). In the case of
herbaceous ecosystems, mowing and horizontal carbon transport
can turn the grassland from a net carbon dioxide sink into a net
carbon dioxide source (Soussana et al., 2007; Nagy et al., 2010).
Eddy covariance-based measurement data suggest that European
cropland soils are losing carbon, most probably due to manage-
ment practices (Kutsch et al., 2010). Due to the recognition of the
important role of human practices, state-of-the-art biogeochemical
models have been extended to include implementation of manage-

ment and disturbance (e.g. Vuichard et al., 2007a; Ciais et al., 2010;
Di Vittorio et al., 2010; Ma  et al., 2011b). With the realization of the
management modules, now we  can test the short-term and long-
term effects of management activities on grassland carbon balance
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Fig. 7. Validation of the model simulation: the measured and estimated (using the original and the extended model) gross primary production, total ecosystem respiration,
latent  heat flux and net ecosystem exchange at Hegyhátsál (upper figure) and at Bugac (lower figure) in 2008.



 Mode

w
2
s
t

l
T
v
a
v
O
e
b
s
e
a
2
B
2
r
t
s
u
a
t

M
l
2
2
a
s
2
i
m
g
2
t
c
B
f
n
t
a
f
i
t
l
T
r

M
t
d
f
e
o
E
A
i
f
f
e
d
t
a

D. Hidy et al. / Ecological

ith Biome-BGC (harvest, biomass removal, grazing; Hidy et al.,
010). Management modules can also be used in cropland-related
imulations, as the basic logic of harvest and biomass removal is
he same.

Biome-BGC is a complex, non-linear biogeochemical model with
arge number of adjustable model parameters (White et al., 2000;
rusilova et al., 2009; Hidy et al., 2010; Ma  et al., 2011b). The exact
alues of some model parameters are unknown (no measurements
re available or possible), therefore it is necessary to estimate their
alues using sophisticated calibration procedures (Kennedy and
‘Hagan, 2001; Braswell et al., 2005; Wu  et al., 2009). As with any
stimate, there are inaccuracies in the calibration process, mainly
ecause of structural errors in the model, uncertainties in the mea-
urement data, and simplified assumptions used in the modeling
xperiment. In order to deal with the large number of parameters
nd to avoid model equifinality (Franks et al., 1999; Wang et al.,
009a),  we implemented a multiple step calibration procedure in
ayesian framework (similar to the method presented by Wu  et al.,
009). Quantitative model evaluation showed that the simulation
esults improved due to the model developments and the calibra-
ion: errors are smaller, square of correlations are higher at both
ites (Hegyhátsál and Bugac) than in the case of the original model
sing the original parameter set. Future work should further evalu-
te the performance of the model at daily, annual and multiannual
ime-steps.

Biogeochemical models are under continuous development.
ost of the models were already extended to include realistic crop-

and phenology and management practices (Gervois et al., 2004,
008; Bondeau et al., 2007; Vuichard et al., 2007a; Lokupitiya et al.,
009; Van den Hoof et al., 2010; Ma  et al., 2011b). However, rel-
tively few studies deal with grassland-related developments in
pite of the fact that grasslands occupy significant areas (e.g. around
2% in EU-25), and they have the potential to sequester more carbon

n the soil than forest soils (Schulze et al., 2009). Grassland-related
odel developments can help us constrains the highly uncertain

reenhouse gas budget of grasslands in general (Vuichard et al.,
007a)  and the country or continental scale carbon balance estima-
ions (Schulze et al., 2009; Ciais et al., 2010). The developed model
an instantly be used in country or continental scale simulations.
arcza et al. (2009, 2010) already performed spatial simulations

or Hungary based on the undeveloped Biome-BGC. As the datasets
eeded for the spatial application (meteorological data, soil tex-
ure data, land cover data; for details see Barcza et al., 2010) are
lready available and ready to use, the improved model can be used
or improved estimation of the carbon dioxide balance of Hungar-
an grasslands. Management information was not used so far for
he Hungarian simulations (Barcza et al., 2010) but can be included
ater e.g. based on the so-called META database (Molnár et al., 2007).
he improved model can be parameterized based on the calibration
esults presented in Appendix F.

The model can theoretically also be used on the European-scale.
eteorological data can be retrieved for contemporary Europe from

he E-OBS database of the ENSEMBLES project (http://eca.knmi.nl/
ownload/ensembles/download.phpl; Haylock et al., 2008) and
rom the CRU TS 1.2 database used in the present study (Mitchell
t al., 2004). Nitrogen deposition data are already available based
n Churkina et al. (2009).  Soil texture data is available for the
uropean simulations based on the Global Soil Data Task (2000).
s the present model implementation uses uniform soil texture

n each soil layers, no additional information is needed to per-
orm simulations. Land cover information can be easily retrieved
rom the CORINE Land Cover 2000 (CLC2000) database (Büttner

t al., 2002). Ancillary data can also be retrieved from public
atabases (see Vetter et al., 2008 for details). Probably the hardest
ask is to get proper parameterization for C3 grasses for Europe,
nd to get management information for the continent. At first
lling 226 (2012) 99– 119 113

approximation, generalized parameterization can be used from
the present study (based on Appendix F). The performance of the
model can be tested with eddy covariance measurement results
from previous projects (e.g. Greengrass; Soussana et al., 2007)
or from ongoing measurement programmes (e.g. GHG-Europe,
http://www.ghg-europe.eu) or from forthcoming efforts like ICOS
(http://www.icos-infrastructure.eu). Management information for
Europe can be estimated in a simplified form based on the Vuichard
et al. (2007b) study but clearly further information is needed to
account for management practices in grasslands (grazing, mow-
ing, fertilization, irrigation). Research is needed to provide a solid
foundation for the European-scale, grassland-related studies.

7. Concluding remarks

We extended Biome-BGC v4.1.1 with a four-layer soil-module,
and addressed some shortcomings with the original model-logic,
including drought-related biogeochemical processes and estima-
tion of growing season for C3 grasslands. Additionally, we  imple-
mented grazing and mowing management modules. Using the
improved model structure, it is possible to provide a more accurate
description of the carbon and water cycle of herbaceous vegetation.

As grassland carbon balance is closely coupled with soil hydrol-
ogy and nutrient availability, our developments represent scientific
progress in understanding and attributing carbon cycling in grass-
lands. With these developments and structural improvements, we
can analyze the dependence of grassland carbon balance on differ-
ent environmental, management and site-specific conditions with
Biome-BGC.
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Appendix A. Description of the calibration method

Due to the uncertainty associated with the internal model
parameters (in Biome-BGC they are called ecophysiological con-
stants (EPC); see White et al., 2000 for detailed documentation
and uncertainty intervals), we can experience significant bias if
the model is used to simulate the carbon cycle components (Wang
et al., 2009b). In order to improve model performance, the unknown
model parameters has to be estimated, or, at least, their uncertainty
has to be constrained. The unknown model parameters can be esti-
mated using inverse techniques based on measurement data (e.g.
Van Oijen et al., 2005; Wang et al., 2009a), which means that the

model is being calibrated.

Biome-BGC has 43 EPC parameters (Thornton et al., 2000; White
et al., 2000; Trusilova et al., 2009). Twenty-nine (29) parameters
refer to grassland ecophysiological properties (see Table A1 for

http://eca.knmi.nl/download/ensembles/download.phpl
http://www.ghg-europe.eu/
http://www.icos-infrastructure.eu/
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Table A1
Default C3 grass ecophysiological parameters of Biome-BGC (White et al., 2000). Parameters marked with (*) are calibrated with the Bayesian-approach. N/A means that the
parameter has no default value in the White et al. (2000) study or the parameter was  introduced in the developed model only. See text for details.

Parameter number Model parameter Unit Default value

7. Transfer growth period as fraction of growing season Prop. 1.0
8.  Litterfall as fraction of growing season Prop. 1.0
9.  Annual leaf and fine root turnover fraction Year−1 1.0
11.  Annual whole-plant mortality fraction* Year−1 0.1
12.  Annual fire mortality fraction Year−1 0.0
13. New fine root C: new leaf C* Ratio 1.0
17. Current growth proportion* Prop. 0.5
18. C:N of leaves* kg C kg N−1 25.0
19.  C:N of leaf litter kg C kg N−1 45.0
20.  C:N of fine roots kg C kg N−1 50.0
23.  Leaf litter labile proportion Prop. 0.68
24. Leaf litter cellulose proportion Prop. 0.23
25. Leaf litter lignin proportion Prop. 0.09
26.  Fine root labile proportion Prop. 0.34
27. Fine root cellulose proportion Prop. 0.44
28.  Fine root lignin proportion Prop. 0.55
31. Canopy water interception coefficient LAI−1 day−1 0.01
32.  Canopy light extinction coefficient* Dim. 0.48
33.  All-sided to projected leaf area ratio Dim. 2.0
34.  Canopy average specific leaf area* m2 kg C−1 49.0
35.  Ratio of shaded SLA:sunlit SLA Dim. 2.0
36. Fraction of leaf N in Rubisco* Dim. 0.21
37.  Maximum stomatal conductance* m s−1 0.006
38. Cuticular conductance m s−1 0.00006
39.  Boundary layer conductance m s−1 0.04
40.  Soil water content ratio: start of conduct. reduction Ratio 1.0
41.  Soil water content ratio: complete conduct. reduction* Ratio N/A
42.  Vapor pressure deficit: start of conduct. reduction Pa 1000
43. Vapor pressure deficit: complete conduct. reduction Pa 5000
44.  Number of water stress days* Dim. N/A
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A. Maximum depth of the rooting zone* 

B.  Biological nitrogen fixation* 

omplete C3 grass EPC list, units and default values), while the oth-
rs refer to model settings, model phenology and woody biomes
parameters 1–6, 10, 14–15, 21–22, 29–30). Five of the 29 grass-
and parameters have fixed values: parameters 7, 8 and 9 are set to
; parameters 33 and 35 are set to 2 internally regardless of the user
ettings (see White et al., 2000). We  set fire mortality (parameter
2) to 0. Consequently, we still have 23 ecophysiological parame-
ers that can be adjusted to the local conditions. This means that the

odel has a very high degree of freedom, which is a disadvantage
rom the point of view of model calibration. Based on experiences
rom our previous calibration experiments and from the interna-
ional literature, it can be assumed that a further 13 parameters can
e set to their default values taken from White et al. (2000) (param-
ters 19–20, 23–28, 31, 38–39, 41–42). In the developed model
ntroduced in the present paper, stomatal conductance reduction is
alculated based on relative soil water content instead of soil water
otential (parameters 40–41). We  assume that the conductance
eduction starts below field capacity, therefore soil water content
t the start of the conductance reduction (parameter 40) is set to 1.
n the developed model, a new EPC parameter is included: number
f water stress days (parameter 44). This means 10 EPC parameters
hat have to be estimated by the inversion procedure. Addition-
lly, for two site-specific parameters (maximum of rooting depth
nd nitrogen fixation), few data are available from national and
nternational literature (White et al., 2000). Therefore we  also con-
ider them as unknown model parameters. As a result, we have 12
nknown model parameters (those parameters are marked with
tars in Table A1).

The Bayesian approach is a global optimization method to esti-

ate the optimal values of the unknown model parameters. The

ayesian procedure begins with quantifying the variability of the
nknown model parameters in the form of a priori probability dis-
ribution. We  assume that the unknown model parameters have
m N/A
kg N m2 yr−1 N/A

uniform distribution between their possible minimum and max-
imum values that are estimated from the literature (White et al.,
2000). As part of the inversion procedure, we compare the mea-
sured data with simulated data by calculating a likelihood function.
Likelihood is the degree of goodness-of-fit between simulated
and measured data (Braswell et al., 2005; Van Oijen et al., 2005;
Trusilova et al., 2009). The Monte-Carlo method is used to per-
form a large number of model simulations with the application
of the Metropolis algorithm (Wu et al., 2009). After calibration is
performed, we update the a priori distribution with model infor-
mation (distribution of the likelihood function) which means the
convolution of the a priori distribution with the likelihood function
provided by the large number of model simulations.

In our method the likelihood function includes the relative error
of the simulation (ratio of the difference between measured and
simulated annual sum and measured annual sum) and the corre-
lation between measured and simulated data. Correlation means a
further weighting factor to avoid labeling a given run that has small
errors but poor correlation with the measured data with good like-
lihood value (Franks et al., 1999). We use the following likelihood
function:

L(p) = 1
C

·
(

(1 − RE(p)) · R2(p)
)

(A1)

RE(p) =

n∑
i=1

sd(p)i −
n∑

i=1

mdi

n∑
mdi

(A2)
i=1

where C is a scaling constant that normalizes the likelihood to a
probability density function, RE(p) is the relative error of the sim-
ulation, R2(p) is the square of the correlation coefficient between
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easured and simulated data, sd(p) is the simulated data, md is the
easured data and n is the number of measured data used for the

onstruction of the misfit function. These variables depend on the
odel parameter set (p).
Biome-BGC simulates various processes, including the storage

nd fluxes of water, carbon, and nitrogen. If only one of them
e.g. gross primary production) were used as reference data in the
alibration procedure, the optimized model might well-simulate
he carbon uptake processes, but the other simulated fluxes (e.g.
vapotranspiration, or total ecosystem respiration) might be unre-
listic. To avoid this situation, it is always recommended to use
ore reference data in the calibration procedure. This kind of

pproach is called a multi-objective calibration (Franks et al., 1999;
o and Beven, 2004). Normalization is important in the case of
ulti-objective calibration because the different misfits (errors

or different reference data) must be comparable. We  use gross
rimary production (GPP), total ecosystem respiration (TER) and

atent heat flux (LE) measured by the eddy covariance technique as
eference data. To achieve the combined likelihood, the likelihoods
f each variable are multiplied:

(p) = LGPP(p) · LTER(p) · LLE(p) (A3)

here LGPP, LTER and LLE is the likelihood calculated for GPP, TER
nd LE, respectively.

An important and well-known problem of the global optimiza-
ion methods is parameter equifinality (Mo and Beven, 2004; Wang
t al., 2009a).  It means that different parameter combinations can
roduce equally good simulation results with respect to the ref-
rence data. Another general problem of model calibration is the
ow number of parameters that can be constrained with e.g. eddy
ovariance measurement data (Wu et al., 2009).

To avoid parameter equifinality and to improve the performance
f the inversion procedure, we implemented an n × m-step calibra-
ion method (similar to the method presented by Wu  et al., 2009)
hich is used in a Bayesian framework (n: number of unknown
odel parameters, m: number of iteration steps). In our approach

nly the most “important” parameter is set to its optimal value at
he first step in a chain of calibrations (it is referred to as the first
teration section).

In order to determine “important” model parameters (which
ave strong effects on a given simulation) it becomes necessary
o perform sensitivity analysis. A possible solution for sensitivity
nalysis is the use of the least square linearization (LSL) which
ivides output uncertainty into its sources (Verbeeck et al., 2006).
SL is a multiple linear regression between the parameter devi-
tion from the mean and the output (in our case the likelihood
alue). As result of the LSL method, the total variance of the model
utput and the sensitivity coefficient of each parameter can be
etermined.

After n × m iteration steps, the parameter with the highest sen-
itivity coefficient (which should be greater than 20%) is fixed on
ts optimal value. This means one iteration section in the chain.
n the next iteration section, only n − 1 parameters are varied ran-
omly.

If the calibration procedure is successful, the uncertainties of
nknown model parameters are decreased and the correlation
etween model output and measured data is increased (see e.g.
rusilova et al., 2009). A priori intervals are defined as the range of

he minimum and the maximum a priori values (White et al., 2000).

 posteriori intervals are defined as the range of the two  parameter
alues between which the a posteriori probability is greater than
he a priori.
lling 226 (2012) 99– 119 115

Appendix B. HSGSI calculation

HSGSI is calculated based on the combination of daily minimum
temperature (Tmin), vapor pressure deficit (VPD), daylength (pho-
toperiod; PHTP) and 10-day heatsum with 5 ◦C basic temperature.
HTSM10 is calculated as the sum of mean daily temperatures −5 ◦C
for each 10 day-long period:

HTSM10(d) =
d∑

d−9

(Tmax(d) − Tbasic)

if Tmax(d) ≤ Tbasic : HTSM10(d) = 0

(B1)

where Tmax is the maximum air temperature on the given day, Tbasic
is the basic temperature of heatsum (in this case 5 ◦C) and d is the
number of the day of year.

Tmin, VPD and PHTP are daily values, while HTSM10 is calcu-
lated in 10-day periods. The effect of the different environmental
variables is considered using indices (indexTmin

, indexVPD, indexPHTP,
indexHTSM10 ). To calculate index for each variable, we set threshold
limits, similar to the method of Jolly et al. (2005) within which the
relative phenological performance of the vegetation was  assumed
to vary from inactive (0) to unconstrained (1). The values of the
limits with regards to the different variables can be set by an eco-
physiological parameter in Biome-BGC.

From the 10th day of the year HSGSI is calculated from the 10-
day average of the multiplication of daily indices and from the index
of heatsum:

HSGSI(d) = indexHTSM10

(
1

10
·

d∑
d−9

(indexT (d) · indexVPD(d) · indexPHTP (d))

)
(B2)

where d is the number of the day of year.
If on a given day HSGSI is greater than a pre-defined limit (can be

set by the user), we assume the start of the growing season. After
finding the start of the growing season, if on a given day (after start
of the growing season) HSGSI is less than a limit (can be set by the
user), we assume the end of the growing season. It is assumed that
the dormant period cannot begin before the 280th day of the year,
so during this period the end of growing season limit calculation is
ignored.

Appendix C. Soil hydrology development

The moisture flux between soil layers is controlled by the dif-
fusion equation based on Darcy’s diffusion law (Chen and Dudhia,
2001):

∂�

∂t
= ∂

∂z

[
D(�) · ∂�

∂z

]
+ ∂K

∂z
+ S(�) (C1)

where D is the hydraulic diffusivity (m2 s−1), K is the hydraulic con-
ductivity (m s−1) and S represents the source and the sinks of soil
water (m;  precipitation, evaporation, transpiration, runoff, deep
percolation).

The Clapp–Hornberger formulation is used to calculate
hydraulic conductivity (K) and diffusivity (D) (Clapp and
Hornberger, 1978; Balsamo et al., 2009):

K = Ksat ·
(

�

�sat

)2b+3

(C2)

D = b · Ksat · (−�sat) ·
(

�
)b+2

(C3)

�sat �sat

where Ksat, � sat, �sat are the saturation values of hydraulic conduc-
tivity, soil water potential and soil moisture content, respectively;
b is the Clapp–Hornberger parameter. These quantities depend on



1  Mode

s
e

d
f

w
i
i
u
t
l
t
a
(
d
r

f
s
a
l
b

g
t
s

R

w
d
t
l

A

L

N
1
b
i

(
r
t

16 D. Hidy et al. / Ecological

oil type; their values are determined based on the results of Cosby
t al. (1984) and Wagner et al. (2001).

First the values of hydraulic conductivity and diffusivity are
etermined for each layer, and then the layer-integrated daily scale
orm of Eq. (C1) is solved using the method of finite differences:

i = 0 : ��i =
−Di+1 · �i+1 − �i

zi+1 − zi
− Ki + P − R − E − RWUi

�zi

i = 1, 2 : ��i =
Di · �i − �i−1

zi − zi−1
− Di+1 · �i+1 − �i

zi+1 − zi
+ Ki−1 − Ki − RWUi

�zi

i = 3 : ��i =
Di · �i − �i−1

zi − zi−1
+ Ki−1 − Ki − RWUi

�zi

(C4)

here ��i is the difference between soil moisture content in the
th layer on the actual and the previous day; P is the precipitation, R
s runoff, E is the direct bare soil evaporation, RWUi is the root water
ptake from the ith layer within the root layers; Ki + 1 and Ki − 1 are
he hydraulic conductivity of the lower (i + 1) and the upper (i − 1)
ayers, respectively; Di + 1 and Di − 1 are the hydraulic diffusivity of
he lower (i + 1) and the upper (i − 1) layers, respectively; �i + 1, �i
nd �i − 1 are the soil moisture content of the lower (i + 1), the actual
i) and the upper (i − 1) layers, respectively; zi  + 1, zi and zi − 1 are the
epth of the lower (i + 1), the actual (i) and the upper (i − 1) layers,
espectively; �zi is the thickness of the actual layer.

To determine the actual value of stomatal conductance, stress
unctions are calculated. In the extended model, the soil moisture
tress function of stomatal conductance (SF) is the weighted aver-
ge of the partial soil moisture stress functions for the different
ayers (SFlayer). Partial stress functions are calculated for each layer
ased on the method described in Section 3.3.

Root water uptake (water loss due to transpiration) from the
iven layer can be calculated as the fraction of the total transpira-
ion in terms of the ratio of partial stress function to the averaged
tress function.

WUi = TR · SFi

SF
· �zi

zroot
(C5)

here RWUi is the root water uptake from the given layer (kg m−2

ay−1), TR is the daily transpiration flux (kg m−2 day−1), �zi is the
hickness of the given layer (m), i is the number of the given soil
ayer, zroot is the depth of the root zone.

ppendix D. Simulation of plant wilting and senescence

A wilting coefficient (coeffWLT) is calculated based on NWSD and
WSD (these parameters are defined in Section 3.4).

The value of the coeffWLT increases from 0 to 1 with increasing
WSD; if NWSD exceeds LWSD,  the value of the coeffWLT will be
. In the absence of literature data, a quadratic function is used
ecause we assumed that the effect of drought on plant functioning

ncreases with time.

coeffWLT =
(

NWSD

LWSD

)2

, if NWSD ≤ LWSD

coeffWLT = 1, if NWSD > LWSD

(D1)

� (LEAFCSSC ) = coeffWLT · LEAFC

� (ROOTCSSC ) = coeffWLT · ROOTC

� (LEAFNSSC ) = coeffWLT · LEAFN

� (ROOTNSSC ) = coeffWLT · ROOTN

(D2)
Three types of litter pools are defined in Biome-BGC: labile
LITR1), cellulose (LITR2) and lignin (LITR3). The litter ratios
egarding leaf and fine root (e.g. ratio of labile carbon lit-
er to total carbon litter) have pre-defined fixed values in
lling 226 (2012) 99– 119

the model (ratioLEAFLITR1, ratioLEAFLITR2, ratioLEAFLITR3, ratioROOTLITR1,
ratioROOTLITR2, ratioROOTFLITR3). The dead plant material turning into
litter pool is divided between the different types of litter pools
according to these ratios:

� (LITR1C) = LEAFCWILT · ratioLEAFLITR1 + ROOTCWILT · ratioROOTLITR1

� (LITR2C) = LEAFCWILT · ratioLEAFLITR2 + ROOTCWILT · ratioROOTLITR2

� (LITR3C) = LEAFCWILT · ratioLEAFLITR3 + ROOTCWILT · ratioROOTLITR3

(D3)

Appendix E. Simulation of management effects

The value of the LAI (m2 m−2) is calculated from leaf carbon
(LEAFC, kg m−2) and SLA (specific leaf area; m−2 kg−1). SLA is a mea-
sure of the leaf thickness and it is calculated by dividing the area of
a portion of a leaf by the dry weight of that same portion leaf. SLA
is one of the model’s ecophysiological parameters. Therefore, the
change of the LEAFC can be calculated from the change of LAI:

LAI = LEAFC · SLA (E1)

We  defined a mowing effect parameter (MOWEFF) which deter-
mines (the fraction removed by mowing) the measure of the change
as the result of mowing.

MOWEFF = 1 − LAIafter mowing

LAIbefore mowing
(E2)

The next step is to calculate the fluxes of mowing (leafCMOW,
leafNMOW, leafWMOW) which determine the decrease of the pools
(LEAFC, LEAFN,  LEAFW):

leafCMOW = MOWEFF · LEAFCbefore mowing

leafNMOW = MOWEFF · LEAFNbefore mowing

leafWMOW = MOWEFF · LEAFWbefore mowing

(E3)

LEAFCafter mowing = LEAFCbefore mowing − leafCMOW

LEAFNafter mowing = LEAFNbefore mowing − leafNMOW

LEAFWafter mowing = LEAFWbefore mowing − leafWMOW

(E4)

The effect of grazing (GRZEFF) is the function of the carbon loss
(leafCloss) caused by defoliation, which depends on the stocking
rate:

leafCloss = IDM · GrP · CCG (E5)

GRZEFF = 1 − LEAFC − leafCloss

LEAFC
(E6)

Besides the defoliation effect of grazing (i.e. intake by animals)
it is also important that a fixed proportion of the above ground
biomass flows to the litter compartment as the result of excretal
returns (EXCRC and EXCRN). The carbon and nitrogen contents of
the returning plant material (CCM and NCM; %) from excretal to
the litter pool of the top soil layer are the function of IDM and the
proportion of the biomass returned to the litter pool per a unit LSU
(PBRL; %):

EXCRC = IDM · GrP · PBRL · CCM

EXCRN = IDM · GrP · PBRL · NCM
(E7)

The plant material returning into litter compartment is divided
between the different types of litter pool according to Eq. (D3).
Appendix F. Results of the Bayesian calibration procedure

The calibration procedure described in Appendix A was per-
formed using m = 200 iteration steps for n = 12 model parameters
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Table  F1
Results of the model calibration for Hegyhátsál and for Bugac. The original (default) parameters are listed in Table A1.

# Model parameter Unit A priori
min.

A  priori
max.

Optimal
value

A  post.
min.

A post.
max.

Optimal
value

A post.
min.

A post.
max.

Hegyhátsál Bugac

11. Annual whole-plant
mortality fraction

Year−1 0.01 0.5 0.02 0.01 0.38 0.34 0.21 0.48

13. New fine root C: new leaf C Ratio 0.5 2.5 0.65 0.5 1.4 0.55 0.5 1.52
17. Current growth proportion Prop. 0.2 0.8 0.76 0.32 0.8 0.26 0.2 0.68
18.  C:N of leaves kg C kg N−1 20.0 50.0 16.5 15.0 24.0 34.5 20 35.0
32.  Canopy light extinction

coefficient
Dim. 0.3 0.8 0.79 0.53 0.8 0.71 0.63 0.8

34. Canopy average specific leaf
area

m2 kg C−1 30.0 70.0 41.0 30.0 50.0 67.0 50.0 70.0

36. Fraction of leaf N in Rubisco Dim. 0.1 0.3 0.24 0.15 0.30 0.13 0.1 0.22
37.  Maximum stomatal

conductance
m s−1 0.002 0.008 0.024 0.023 0.059 0.007 0.0044 0.008

41. Soil water content ratio:
complete conduct. reduction

Ratio 0.21 0.4 0.39 0.31 0.40 0.3 0.21 0.37

44.  Number of water stress days Dim. 15 35 26 22 34 25 15 25
A.  Maximum depth of the m 0.4 1.0 0.81 0.43 1.0 0.54 0.43 0.94
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rooting zone
B. Biological nitrogen fixation kgN m2 yr−1 0.0002 0.0008

10 EPC parameters, and two site-specific parameters). A priori min-
mum and maximum values were defined based on White et al.
2000). A priori parameter intervals, optimized parameter values
nd a posteriori parameter intervals for the two measurement sites
re listed in Table F1.  The results show that the optimized param-
ters are realistic, as the optimal parameters are within of the
ossible range of parameter values listed in White et al. (2000).

t means that the optimized parameters compare well with mea-
ured values from the literature and there is no indication that the
ptimal parameter is located outside the ecophysiologically possi-
le range (if this were the case, the optimal parameter would be

ocated at the upper or lower limit of the possible range).

eferences

lward, R.D., Detling, J.K., Milchunas, D.G., 1999. Grassland vegetation changes and
nocturnal global warming. Science 8, 229–231.

aldocchi, D.D., Falge, E.L., Olson, R., Hollinger, D., Running, S., Anthoni, P., Bernhofer,
C.,  Davis, K., Fuentes, J., Goldstein, A., Katul, G., Law, B., Lee, X., Malhi, Y., Meyers,
T.,  Munger, J.W., Oechel, W.,  Pilegaard, K., Schmid, H.P., Valentini, R., Verma,
S.,  Vesala, T., Wilson, K., Wofsy, S., 2001. FLUXNET: a new tool to study the
temporal and spatial variability of ecosystem-scale carbon dioxide, water vapor
and energy flux densities. Bull. Am.  Meteorol. Soc. 82, 2415–2435.

alsamo, G., Viterbo, P., Beljaars, A., van den Hurk, B., Hirschi, M.,  Betts, A.K., Scipal,
K., 2009. A revised hydrology for the ECMWF  model: verification from field site
to  water storage and impact in the Integrated Forecast System. J. Hydromet. 10,
624–643, doi:10.1175/2008JHM1068.1.

arcza, Z., Haszpra, L., Kondo, H., Saigusa, N., Yamamoto, S., Bartholy, J., 2003. Carbon
exchange of grass in Hungary. Tellus B 55, 187–196.

arcza, Z., Haszpra, L., Somogyi, Z., Hidy, D., Lovas, K., Churkina, G., Horváth, L.,
2009. Estimation of the biospheric carbon dioxide balance of Hungary using
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