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Abstract:

The North China Plain, which is critical for food production in China, is encountering serious water shortage due to heavy

agricultural water requirement. The accurate modelling of carbon dioxide ﬂux and evapotranspiration (ET) in croplands is thus

essential for yield prediction and water resources management. The land surface model is powerful in simulating energy and

carbon dioxide ﬂuxes between land and atmosphere. Some key processes in the Simple Biosphere Model (Version 2, SiB2) were

parameterized based on the observations. The simulated ﬂuxes were tested against the eddy covariance ﬂux measurements over

two typical winter wheat/maize double cropping ﬁelds. A simple diagnostic parameterisation of soil respiration, not included

in SiB2, was added and calibrated using the observations to model the carbon budget. The Ball-Berry stomatal conductance

model was calibrated using observed leaf gas exchange rate, showing that the original SiB2 could signiﬁcantly underpredict

the ET in the wheat ﬁeld. SiB2 signiﬁcantly underpredicted soil resistance at the Weishan site, leading to overpredict the ET.

Overall, there was a close agreement between the simulated and observed latent heat ﬂuxes and net CO2 exchange using the

re-parameterized SiB2. These ﬁndings are important when the model is used for the regional simulation in the North China

Plain. Copyright  2011 John Wiley & Sons, Ltd.
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INTRODUCTION

Land-atmosphere exchanges in energy, water vapour, and

carbon dioxide play vital roles in the hydrological cycle

in the croplands of the non-humid regions. However,

methods, such as the Penman method (Yang et al. 2000),

employed in the distributed hydrological models usually lead to high uncertainties in simulating water ﬂuxes

between land and atmosphere due to the neglect of the

energy budget and physiological processes. As an alternative, the land surface models (Pitman, 2003) are used

as a powerful tool for simulating the exchange between

land and atmosphere. The second version of the Simple

Biosphere Model (SiB2) is a widely used land surface

scheme (Sellers et al., 1996a; 1996b). It incorporates a

realistic photosynthesis-conductance model to describe

the transfer of CO2 and water vapour through the leaf

stomata. SiB2 was originally designed for incorporation

into the General Circulation Models to compute surface

ﬂuxes (i.e. momentum, latent heat, and sensible heat

ﬂuxes) and upward shortwave/longwave radiation (Randall et al., 1996). An ofﬂine version was also used for
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mapping the spatial distribution of surface ﬂuxes (Doran

et al., 1998; Zhang et al., 1996). SiB2 has recently been

coupled with distributed hydrological models to enhance

the modelling of evapotranspiration (ET) (Wang et al.,

2009). To date, SiB2 has been evaluated against eddy

covariance (EC) measurements across a wide range of

ecosystems (Kim et al., 2001; Baker et al., 2003; Li and

Koike, 2003; Hanan et al., 2005). Overall, it performs

well in simulating surface energy ﬂuxes. However, biases

could arise from complex and various reasons, such as the

inﬂuence of neighbouring wetlands on observed ﬂuxes

(Baker et al., 2003) and the neglect of excess resistance

of sensible heat ﬂux on dry bare soil surface (Yang et al.,

2009). Therefore, testing the applicability of the model

against typical EC ﬂux sites is necessary for speciﬁc

regions, and is the basis when the model is used for the

regional simulation.

The North China Plain (NCP; approximately 114–

121 °E, 32–40 °N) covers an area of 350 000 km2

and

hosts a population of more than 200 million. It is the

largest agricultural production area in China. Wheat/

maize double-cropping rotation is the dominant cropping

system in most parts of the plain. More than 50% of

the nation’s wheat and 33% of its maize production

are supplied by the area (Wang et al., 2008). The NCP

is characterized by a summer monsoon climate with
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Figure 1. Location of the study sites and the North China Plain (NCP)

mean annual precipitation ranging from 470 mm in the

north to 910 mm in the south (Wang et al., 2008). More

than 70% of the annual precipitation falls during the

maize season (July–September), but the accumulated

precipitation during the wheat season (October–June)

is signiﬁcantly lower than the wheat water requirement

(Lei and Yang, 2010). Excessive irrigation has led to

serious water crises, such as drying up of river courses

and groundwater exhaustion (Liu and Xia, 2004). The

water supply (precipitation plus irrigation) is primarily

consumed by ET. For example, Yang et al. (2007)

reported that 88% of the water supply was consumed

by ET in some selected catchments with less human

interference (e.g. dams and/or irrigation projects). The

ratio of ET to water supply can even reach up to 96%

in irrigated croplands (Liu et al., 2002). Therefore, the

accurate modelling of regional ET and carbon dioxide

ﬂux for this plain is important in understanding water

and carbon budgets and in assessing the effects of climate

change or crop management on water resources and food

production. Up to now, there have been several ﬁeld

experiments implemented in this region (Qiu et al., 2008;

Tong et al., 2009; Cai et al., 2009; Lei and Yang, 2010).

The overall goal of these experiments is to understand

the water and carbon dioxide exchange for wheat and

maize. However, these achievements have not been used

for land surface model studies. The objective of this study

is to parameterize the parameters in some key processes

in SiB2 using observations or values reported from the

literature and to test the model performance in simulating

latent heat ﬂux (LE) (also ET) and carbon dioxide ﬂuxes

for C3 wheat and C4 maize by comparing the simulations

with observed EC ﬂux data.

MATERIALS AND METHODS

Site description

The performance of SiB2 was tested at two similar

EC ﬂux tower sites in the NCP: the Weishan ﬂux and

the Luancheng ﬂux sites. The leaf stomatal conductance

was measured at the Daxing site in the NCP (Figure 1).

These sites have a temperate semi-humid monsoon climate. Winter wheat and summer maize are cultivated in

rotation. The typical growing season for the winter wheat

is from mid-October to mid-June (dry season), while it

is from late June to early October for the summer maize

(wet season). Irrigation is usually carried out in the wheat

season, but is only carried out in the maize season in dry

years.

The Weishan ﬂux site (116°3

0

E, 36°39

0

N, 30 m a.s.l.) is

located near the central NCP. Mean annual precipitation

is 553 mm (average period from 1990 to 2008). Mean

annual temperature is 13Ð8 °C (average period from 1990

to 2008). Soil type is silt loam. The Luancheng ﬂux site

(114°41

0

E, 37°53

0

N, 50 m a.s.l.) is located northwest of

the NCP. Mean annual precipitation is 485 mm (average

value from 1960 to 2003). Mean annual temperature

is 12Ð8 °C (average value from 1960 to 2003). Soil

type is moderately well-drained loamy soil. The Daxing

site is located north of the NCP (116°26

0

E, 39°37

0

N,

40 m a.s.l.). Mean annual precipitation is 540 mm. Mean
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annual temperature is 11Ð6 °C. More details about the site

are found in Cai et al. (2009).

Field measurements and data acquisition

An EC system that includes a three-dimensional sonic

anemometer (CSAT3, Campbell Scientiﬁc, Inc., Logan,

UT, USA) and an open-path infrared gas analyser

(LI7500, LI-COR, Inc., Lincoln, NE, USA) was used to

measure LE, sensible heat ﬂux, and net CO2 exchange

rate at a height of 3Ð7 m at the Weishan ﬂux site. The

ﬂuxes were post-processed for the necessary corrections

(Lei and Yang, 2010). The downward and upward solar

and longwave radiations were measured at 3Ð5 m above

ground using a radiometer (CNR-1, Kipp & Zonen, Delft,

the Netherlands). Skin temperature was measured with

an infrared thermometer (CML-303N, CLIMATEC, Inc.,

Japan). Volumetric soil water content (TRIME-EZ/IT,

IMKO, Ettlingen, Germany) was measured at 0Ð05, 0Ð10,

0Ð20, 0Ð40, 0Ð80, and 1Ð6 m below ground. The forcing data of SiB2 were obtained from the meteorological

system. These data include air temperature and relative humidity (HMP45C, Vaisala Inc., Helsinki, Finland),

wind speed (05 103, Young Co., Traverse City, MI, USA),

air pressure (CS115, Druck Inc., UK), and precipitation

(TE525MM, Campbell Scientiﬁc Inc., Logan, UT, USA).

Irrigation was estimated from changes in soil water storage (0–160 cm depth) within 1 day after an irrigation

event. Soil respiration was measured in the 2009 and

2010 wheat seasons and the 2009 maize season using an

automated soil CO2 ﬂux system (LI-8100, LI-COR Inc.,

Lincoln, NE, USA). The measurements were performed

from 1300 to 1500 h every 3 days. Soil moisture content and soil temperature in the top soil (0–10 cm) were

simultaneously measured using this system.

The EC instruments at the Luancheng ﬂux site were

same with the Weishan site, while mounted 3Ð3 m above

ground. Fluxes were adjusted for variations in air density due to the transfer of water vapour and sensible heat

(Webb et al., 1980). The four-component net radiation

sensor was mounted 3Ð0 m above ground (CNR-1, Kipp

& Zonen, Delft, the Netherlands). Volumetric soil water

content was measured weekly at 0Ð1, 0Ð4, 0Ð6, and 1Ð0 m

using a neutron probe (IH-II, Institute of Hydrology,

Wallingford, UK). The forcing data for SiB2, including

air temperature, relative humidity, wind speed, air pressure, and precipitation, were obtained from a station of

the Chinese Ecological Research Network in the same

place as the ﬂux site (Sun et al., 2010). Irrigation was

measured using a water meter. The green leaf area index

(LAI) at both sites was estimated by randomly measuring

the sampled leaf areas through area meters. Each sample

included about 10 plants of wheat or 3 plants of maize.

Plant density was simultaneously recorded.

A photosynthesis system (LI-6400, LI-COR, Lincoln,

NE, USA) was used to measure stomatal conductance (gs

)

on randomly selected green, healthy, and fully expanded

leaves at the Daxing site. The measurements were carried out in the 2007 winter wheat and in the 2009 summer

maize seasons. The measurements were performed from

0800 to 1600 h (5 times of measurement per day on average) in selected typical days in different growing stages;

about 30–50 leaves were selected in each measurement.

The net assimilation rate (An), relative humidity on the

leaf surface (hs

), and CO2 concentration on the leaf surface (cs

) were simultaneously measured using this system

to calibrate the leaf stomatal conductance model in SiB2.

SiB2 and its parameterisation

SiB2 contains a set of physically based formulations

to simulate radiation transfer, heat turbulent transfer, and

carbon dioxide exchange between land surface and atmosphere (Sellers et al., 1996a). Land surface was divided

into soil and canopy parts by vegetation cover; the canopy

was conceptualized with a ‘big leaf’. Net assimilation

of leaves was estimated using equations based on the

work of Farquhar et al. (1980) and Collatz et al. (1992).

Photosynthesis and stomatal conductance were coupled

using the Ball-Berry model (Ball et al., 1987). Canopyscale photosynthesis was calculated from the top leaf

photosynthesis multiplied by a scaling factor, which is

a function of the fraction of incident photosynthetically

active radiation absorbed by the canopy and the extinction

coefﬁcient. Surface ﬂuxes were simulated by multiplying

the potential differences (e.g. temperature gradient, water

vapour gradient, and CO2 concentration gradient) by conductance (e.g. aerodynamic conductance, boundary layer

conductance, stomatal conductance, and soil surface conductance) for soil surface and canopy, respectively. The

dynamics of vegetation was represented through changes

of LAI and vegetation cover.

A three-layer isothermal model was used to calculate the hydraulic diffusion and gravitational drainage

of water in the soil in SiB2. The depth of surface soil

layer was set to 0Ð02 m. The depth of the root zone was

vegetation-type speciﬁc, ranging from 1Ð0 to 1Ð5 m, and

the thickness of the deep soil zone was set to either 0Ð5

or 2Ð0 m (Sellers et al., 1996b). However, this coarse

vertical discretisation can result in the overprediction

of upper layer soil moisture and in the underprediction

of deeper layer soil moisture (Lee and Abriola, 1999).

On the other hand, the characteristics of soil at different depths were different in the croplands because of

tillage in the top soil (0–20 cm) (Table I). Therefore, the

modelling of the soil moisture proﬁle was modiﬁed to

ﬁner vertical discretisation. The soil water stress function

of SiB2 was modiﬁed using volumetric soil water content scaled between the water content of incipient water

stress and wilting point, as suggested by Colello et al.,

1998. The maximum carboxylation rate (Vcmax) in Farquhar’s photosynthesis model and the slope of the BallBerry equation are the fundamental parameters governing

the ecosystem processes (Law et al., 2000; Wolf et al.,

2006). These parameters are biome-type dependent. However, they were given for 9 vegetation classiﬁcations in

Seller et al. (1996b) for a global-scale study and were

not explicitly speciﬁc to wheat and maize. Soil evaporation highly depended on soil characteristics and surface
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Table I. Soil characteristics at the sites

Soil

layer

Saturated

water content

Residual

water content

van Genuchten

parameter, ˛

van Genuchten

parameter, n

Saturated

hydraulic conductivity

cm m3

m
3

m3

m
3

cm
1

— mm hour
1

Weishan site

0–10 0Ð424 0Ð033 0Ð0174 1Ð4089 55Ð0

20–30 0Ð393 0Ð080 0Ð0067 1Ð7687 —

100–110 0Ð435 0Ð148 0Ð0053 2Ð5387 3Ð2

Luancheng site

0–25 0Ð452 0Ð060 0Ð0095 2Ð3758 45Ð4

25–40 0Ð409 0Ð069 0Ð0107 1Ð9468 18Ð1

40–60 0Ð453 0Ð060 0Ð0094 2Ð4100 30Ð4

60–85 0Ð409 0Ð071 0Ð0115 1Ð9128 30Ð4

85–120 0Ð383 0Ð229 0Ð0079 2Ð2358 29Ð7

Table II. Parameters values used in SiB2

Parameter Unit Values Source

Parameter in Eq. (4), ˇ0 — 1Ð2208 for wheat This study

0Ð5110 for maize

Parameter in Eq. (4), ˇ1 — 0Ð0909 for wheat This study

0Ð0850 for maize

Parameter in Eq. (4), 
c m3

m
3

0Ð16 for wheat This study

0Ð20 for maize

Parameters in Eq. (8), s1, s2, s3 — 30Ð3, 4Ð1, and 261Ð7, respectively

for the Weishan site

This study

Stomatal slope factor, m — 13Ð0 for wheat This study

4Ð0 for maize

Stomatal intercept factor, b mol m
2

s
1

0Ð01 for wheat This study

0Ð02 for maize


L, leaf-angle distribution factor — 
0Ð02 for wheat Ross, 1975

0Ð165 for maize

Half point high temperature inhibition function K 318 for maize Lokupitiya et al., (2009)

conditions. It was simulated using an empirical equation

derived from a prairie ecosystem in the US (Sellers et al.,

1996a). Therefore, we parameterized these parameters

using observations or values obtained from the literature related to wheat or maize studies (summarized in

Table II). A simple diagnostic equation was parameterized based on the observed soil respiration rate, to simulate the carbon budget because SiB2 did not include a

scheme of soil respiration simulation.

Modelling of vertical soil moisture ﬂux. The unsaturated soil zone was subdivided into several sub-layers

with a thickness of 0Ð1 m in the simulation of the soil

moisture proﬁle. Vertical water ﬂow in the unsaturated

soil was described with a one-dimensional Richards’

equation

∂

z, t


∂t

D 


∂qv

∂z

C s
z, t
 
1


where 
 is the volumetric water content in each layer; s

is the source or sink (i.e. evaporation and transpiration);

and qv is the vertical soil moisture ﬂuxes given as

qv D 
K







∂ 




∂z


 1





2


where K is the hydraulic conductivity;  is the capillary

suction; and z is the distance from the surface. The relationship between 
 and , and the relationship between

the soil hydraulic and saturated hydraulic conductivities

were substituted using the van Genuchten equation (van

Genuchten, 1980), which has been shown to be superior to the Campbell/Clapp-Hornberger equation used in

SiB2 (Braun and Schadler, 2005). The parameters in the

van Genuchten equation were obtained from the observed

soil-retention curves at different soil depths (Table I).

Parameterisation of the Ball-Berry model. SiB2 employed the empirical Ball-Berry model to simulate the

response of leaf stomatal conductance to net assimilation

rate

gs D m

Anhs

cs

C b 
3


where m is the stomatal slope factor, and b is the minimum stomatal conductance, which are biome-type dependent parameters that particularly differentiate C3 from C4

vegetation. The values of m and b can be obtained from

linear regression ﬁt using observed stomatal conductance

and net assimilation rate.
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Parameterisation of the soil respiration. Temperature

signiﬁcantly controls soil respiration (Rsoil

), and soil

moisture can limit Rsoil

(Jassal et al., 2008). Many

previous studies (Jia et al., 2006) have already proposed

the empirical functions of Rsoil

to soil temperature and/or

soil moisture. This study, following the work of Brown

et al. (2009), employed a relatively simple equation to

parameterize the soil respiration rate

Rsoil D ˇ0 exp
ˇ1T
 min








c

, 1Ð0





4


where T is the soil temperature at a depth of 10 cm; 
 is

the soil moisture content at a depth of 10 cm; 
c is the

value of the soil moisture beyond which respiration did

not change (ﬁtted by observations); and ˇ0 and ˇ1 are the

parameters ﬁtted by observed soil respiration.

Parameterisation of soil resistance. Soil resistance

(rsoil

) is a key parameter to calculate soil evaporation.

However, its parameterisations are signiﬁcantly different

among different land surface models (Yang et al., 2009).

Therefore, an accurate parameterisation of soil resistance

is necessary and important. There were about 10 days

with no crop covering between the growing seasons of

wheat and maize, providing us the opportunity to estimate

soil resistance using the EC ﬂux observations. Soil

resistance was calculated by inversing the equation (34)

in Sellers et al. (1996a) in the case of no crops

rsoil D


cp


hsoile

Ł

s


Tg
 
 ea

Es


 ra 
5


where e

Ł

s


Tg
 is the saturated vapour pressure at surface temperature Tg; ea is the air vapour pressure at the

reference height; Es

is the observed soil evaporation (converted from LE); and 
, cp, and 
 are the air density, air

speciﬁc heat, and psychrometric constant, respectively.

The ra and hsoil are the aerodynamic resistance and relative humidity of the soil pore space, respectively. ra was

calculated by inversing the equation of the heat ﬂux calculation in Sellers et al. (1996a) in the case of no crops

ra D


Ta 
 Tg

cp

Hs


6


where Ta is the observed air temperature at the reference

height; and Hs

is the observed sensible heat ﬂux. hsoil

was calculated following Sellers et al. (1996a):

hsoil D exp
g 




RTg
 
7


where g is the acceleration due to gravity (D 9Ð81 m s
2

);

R is the gas constant of water vapour (D 461Ð5 J K
1

kg
1

); and  is the capillarity potential (calculated by

the van Genuchten equation given the observed top soil

moisture content (5 cm) as input).

Model conﬁguration

SiB2 requires LAI and weather data as inputs, and

vegetation type and soil characteristics as parameters.

Vegetation type determines the time-invariant vegetation

parameters, which include the morphological, optical, and

physiological properties of each vegetation type. Weather

data consist of atmospheric pressure, downward shortwave radiation, air temperature, relative humidity, wind

speed, and precipitation. Irrigation is also required as

input in irrigated croplands. All the parameters, except

the parameters in Table II, corresponded to the default

values in SiB2; no parameters were tuned based on the

observations. Winter wheat was classiﬁed under Class

9 (agricultural/C3 grassland), and maize was classiﬁed

under Class 6 (short vegetation/C4 grassland) according the closest global vegetation classiﬁcation in SiB2.

Indeed, the default parameter values of C4 grassland

in SiB2 were obtained based on studies with leaves of

maize. The model was driven by continuous weather

data from 3 March 2005 to 8 June 2009 at the Weishan site, and from 1 October 2007 to 30 September 2008

at the Luancheng site. The simulation step of the model

was half hour for the Weishan site and one hour for the

Luancheng site because of the availability of the forcing data. The initial conditions (i.e. soil moisture, canopy

temperature, skin temperature, and deep soil temperature)

for both sites were from the observations. The root mean

square error (RMSE) and coefﬁcient of determination

(R

2

) were selected for evaluating the model performance.

RESULTS AND DISCUSSION

Parameterisation of the Ball-Berry model

Remarkable seasonal variations were found in the

parameters m and b (Table III). The b values should

Table III. Slope (m) and intercept (b) of the linear regression

of the leaf stomatal conductance (gs

) and Anhs/cs

(An is net

assimilation rate, hs and cs are relative humidity and CO2

concentration on the leaf surface, respectively) for the winter

wheat and summer maize at the Daxing site

Date m b (mol m
2

s
1

) R

2

m

2007 wheat season (forcing b

to 0Ð01)

4Ð20 11Ð9 
0Ð03 0Ð85 10.6

4Ð24 11Ð1 0Ð01 0Ð81 11.1

4Ð30 10Ð4 0Ð14 0Ð56 13.6

5Ð10 11Ð0 0Ð12 0Ð65 14.5

5Ð18 10Ð4 0Ð06 0Ð75 12.0

5Ð26 14Ð7 0Ð05 0Ð55 16.1

6Ð05 17Ð2 
0Ð02 0Ð61 15.7

average 13.0

SiB2 9Ð0 0Ð01

2009 maize season forcing b

to 0.02

7Ð26 2Ð2 0Ð04 0Ð62 2.4

8Ð20 3Ð0 0Ð04 0Ð54 3.4

8Ð31 4Ð3 0Ð02 0Ð73 4.4

9Ð09 3Ð9 0Ð05 0Ð53 4.7

9Ð15 5Ð8 0Ð02 0Ð72 5.7

average 4.0

SiB2 4Ð0 0Ð04
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be non-negative in the sense of biological realities. The

negative values of b in this study could be attributed to

observation errors. Therefore, the minimum non-negative

value of b during these days was selected for the value

of b in the Ball-Berry model, corresponding to 0Ð01 and

0Ð02 mol m
2

s
1

for wheat and maize, respectively. The

values of m increased with the development of crops

before their senescence when the regressions were made

by forcing b to its minimum values. Such a phenomenon

has been found already in previous studies, and the

possible reasons were discussed in Mo et al. (2008).

However, the parameterisation of m value in response

to crop phenology or other environmental factors was

difﬁcult in this study because of insufﬁcient data. Thus,

average values of m were taken for the model with 13Ð0

for wheat and 4Ð0 for maize. The m value of wheat was

much higher, and b value of maize was slightly lower

compared with the default values in SiB2.

Parameterisation of the soil respiration

Figure 2 shows the response of Rsoil

to the soil

temperature in the top soil (0–10 cm). Two signiﬁcantly

different regimes corresponding to wheat and maize

were found. It indicated that no single equation could

be used for this agroecosystem, and required different

parameterisation of Equation (4) for wheat and maize.

Meanwhile, the relationship was scattering, especially

for winter wheat. This implies that soil moisture is

another factor that should be considered in the soil

respiration modelling. Table IV lists the ﬁtted parameters

for Equation (4). The results of a ﬁrst-order exponential

equation, which did not consider the limit of the soil

moisture, were presented for comparison. The parameters

Figure 2. Temperature response of soil respiration to soil temperature at

the Weishan site

ˇ0 and ˇ1 between wheat and maize were signiﬁcantly

different. The Q10 value (deﬁned as exp(10ˇ1)) of wheat

(D 2Ð5) was slightly higher than that of maize (D 2Ð3).

These values are close to the median value of 2Ð4 for

global terrestrial and wetland ecosystems (Raich and

Schlesinger, 1992). The limit of soil moisture on soil

respiration was clearly found in the winter wheat season.

Both R

2

and RMSE improved when the effect of the soil

moisture was included. However, it was not apparent in

the maize season because the maize season coincides with

the wet season when low soil moisture content was rarely

observed.

Parameterisation of soil resistance

Figure 3 shows the relationship between soil resistance

and the normalized soil moisture content (
/
sat

; 
sat

is

the saturated soil water content) in the top soil (0–5 cm)

at the Weishan site. Some parameterisation schemes for

soil resistance reviewed by Yang et al. (2009) were

also presented. These equations, as well as the one in

SiB2, signiﬁcantly underpredicted the soil resistance.

Thus, parameterising the soil resistance based on the

observations is necessary. Among these equations, the

Figure 3. Relationship between soil resistance and normalized soil water

content (
/
sat

) at the Weishan site. 
 is the soil water content at a depth

of 5 cm, and 
sat

is the saturated soil water content. The formulas in the

legend are found in Yang et al. (2009)

Table IV. Fitted relationship among soil respiration (Rsoil

) and soil temperature (T), and soil moisture content (
) at the Weishan site

Equation winter wheat maize

Parameters R

2

RMSE

(
mol m
2

s
1

)

Parameters R

2

RMSE

(µmol m
2

s
1

)

Rsoil D ˇ0 exp
ˇ1T
 min








c

, 1Ð0


ˇ0 D 1Ð2208 0.6388 1.7722 ˇ0 D 0Ð5110 0.6417 1.4974

ˇ1 D 0Ð0909 ˇ1 D 0Ð085


c D 0Ð16 
c D 0Ð20

Rsoil D ˇ0 exp
ˇ1T
 ˇ0 D 1Ð0694 0.6261 2.0841 ˇ0 D 0Ð7292 0.5822 1.4491

ˇ1 D 0Ð0925 ˇ1 D 0Ð0687
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form of Sun’s (1982) equation provided the best ﬁt

according to the RMSE. It is expressed as follows:

rsoil D s1





sat





s2

C s3 
8


where 
 is the soil water content at a depth of 5 cm;

and s1, s2, and s3 are the parameters which are 30Ð3, 4Ð1,

and 261Ð7, respectively, for the Weishan site. The ground

surface at the Weishan site was covered with wheat straws

or maize stalks due to the straw returning. Thus, the

possible reason for the high soil resistance is the effect

of straw mulching on soil evaporation. For instance,

Chen et al. (2007) reported that straw mulch reduced

soil evaporation by 21–40% in the winter wheat ﬁeld.

The straws at the Luancheng site was not returned to the

ﬁeld after the harvest. Thus, soil resistance was estimated

through the equation (rsoil D exp
8Ð206 
 4Ð225

/
sat



)

in SiB2 because of the lack of sufﬁcient soil evaporation

data for parameterisation. The simulated ratio of soil

evaporation to the total ET was 33% using this default

equation. This ratio is close to the observed value of

30% at the Luancheng site (Liu et al., 2002), showing

the applicability of this default equation in SiB2 for the

Luancheng site. This implies that the effect of surface

mulch on soil evaporation modelling is important.

Simulation performance of the model

The overall performance of the model during each

crop-growing season at both sites was assessed by

plotting the scatter diagrams between the simulations

and the observations (Figures 4–7). The surface energy

and carbon dioxide ﬂuxes were modelled fairly well at

both sites. Net radiation had the highest R

2

, and its

regression slope was close to 1 with a small intercept.

The accuracy of the LE and the net ecosystem exchange

(NEE), which are the most important components in

croplands, were also quite reasonable. Their values of

R

2

were higher than 0Ð80 in most cases (except the NEE

of the winter wheat at the Luancheng site. We checked

the seasonality of the observed LAI and NEE and found

that this exception was due to a mismatch between the

seasonal variations in the point-scale LAI and the canopyscale NEE. The coefﬁcient of determination exceeding

0Ð80 is a typical criterion for tests for this kind of

biophysical model (Baldocchi and Wilson, 2001). There

are apparent plateaus in the one-to-one plots of observed

Figure 4. Comparison of the half-hourly simulated and observed (a) net radiation, (b) latent heat ﬂux, (c) sensible heat ﬂux, and (d) net ecosystem

exchange in the winter wheat season at the Weishan site
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Figure 5. Comparison of the half-hourly simulated and observed (a) net radiation, (b) latent heat ﬂux, (c) sensible heat ﬂux, and (d) net ecosystem

exchange in the summer maize season at the Weishan site

and simulated NEE. The nighttime apparent plateau

(positive values) can be explained by the inconsistency

between the well known unreliability of the EC technique

when the atmosphere is stably stratiﬁed at night and a

reliable course produced by the model. The reason for

daytime apparent plateau (negative values) was the result

of using ﬁxed values of Vcmax over the simulation periods

(Drewry et al., 2010). The unreliability of EC technique

at night also led to the apparent plateau in the one-to-one

plots of observed and simulated LE.

Skin temperature is a key status variable for surface

energy ﬂuxes. A comparison of the observed skin temperature with the simulated one is shown in Figure 8

for the wheat and maize seasons. The RMSE was all

1Ð81 °C in both wheat and maize seasons. This result con-

ﬁrmed that the simulated energy ﬂuxes were acceptable.

Soil water content is another status variable that inﬂuences the energy partitioning and photosynthesis (through

soil water stress). The depletion of the soil water in the

root zone is caused by both root water uptake and soil

evaporation. The seasonal variations in the simulated and

observed soil water content in the root zone showed good

agreement between them (Figures 9 and 10). The RMSE

value was 0Ð025 and 0Ð026 m3

m
3

for the Weishan and

the Luancheng sites, respectively.

Model sensitivity

Sensitivity analyses were performed to understand the

response of the model to some key parameters. We used

different values obtained from the literature or from our

study to parameterize the model and compared the results

of the gross primary production (GPP) and ET (Table V).

These values were possibly the physiological limits of

the parameters. Vcmax was the most sensitive parameter

inﬂuencing the simulated GPP; this inﬂuence was more

signiﬁcant for wheat than for maize. A 40% decrease in

Vcmax of wheat led to a 34% decrease of GPP, and a 100%

increase of Vcmax led to a 26% increase of GPP for maize.

In contrast, the sensitivity of ET to Vcmax was small,

especially for maize. The Ball-Berry slop m exerted small

inﬂuence on the GPP for both wheat and maize, whereas

it showed notable inﬂuence on the ET for wheat. The

Ball-Berry intercept b had small inﬂuence on the GPP

and ET for maize. Overall, the most sensitive parameters

were Vcmax for both wheat and maize on the simulation

of the GPP and the Ball-Berry slope m for wheat on
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Figure 6. Comparison of the hourly simulated and observed (a) net radiation, (b) latent heat ﬂux, (c) sensible heat ﬂux, and (d) net ecosystem

exchange in the winter wheat season at the Luancheng site

the simulation of the ET. The parameterisation of soil

resistance can also signiﬁcantly inﬂuence the simulation

of the soil evaporation and then the ET. The simulated

ET using the ﬁtted relationship in this study was 15%

lower than that in SiB2.

The seasonal and interannual variations in Vcmax

have already been found in previous studies. Therefore, signiﬁcantly different values of Vcmax were reported

from the literature. For instance, Vcmax ranged from 32

(Massad et al., 2007) to 60 µmol m
2

s
1

(Kim et al.,

2007) for maize and ranged from about 60 to about

120 µmol m
2

s
1

for winter wheat (Feng et al, 2010).

The control factors on the changes in Vcmax were complex. For instance, Xu and Baldocchi (2003) found that

most of the seasonal variation in Vcmax could be explained

by the changes in leaf nitrogen content; Grassi et al.

(2005) asserted that the seasonal changes in Vcmax were

primarily a result of leaf ontogeny and water stress; Iio

et al. (2008) showed that the interannual variability in

Vcmax was signiﬁcantly inﬂuenced by vapour pressure

deﬁcit of the previous 10–30 days. The Ball-Berry slope

m also had seasonal variability, which has been shown

above and could be explained by the change in soil

water content (Ju et al., 2010). The physiologically based

parameterisation of the seasonality of these parameters is

not yet clear (Grassi et al., 2005), especially for wheat

and maize. Therefore, there were no appropriate schemes

that could be employed in SiB2 when it was applied in

this region. The default values of Vcmax in SiB2 were

used because the measured Vcmax values were not available in this study. Although the default values resulted in

acceptable simulated NEE as shown above, they posed

as a potential uncertainty and should thus be studied in

the future. However, our study, at the very least, revealed

that the ET in the wheat season was signiﬁcantly underpredicted using the default m value in SiB2, and the soil

evaporation was signiﬁcantly overpredicted at the Weishan site using the default equation for soil resistance

modelling.

Comparison of the simulated ET totals with other studies

Estimation of the ET in the NCP has large uncertainties when using a distributed hydrological model because

runoff data are highly inﬂuenced by the human activities (e.g. irrigation withdraw, reservoir control, etc.) and

are not available for model calibration and validation.
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Figure 7. Comparison of the hourly simulated and observed (a) net radiation, (b) latent heat ﬂux, (c) sensible heat ﬂux, and (d) net ecosystem

exchange in the summer maize season at the Luancheng site

Figure 8. Comparison of the half-hourly simulated and observed skin temperature in the (a) winter wheat and (b) summer maize seasons at the

Weishan site

Alternatively, the current models on this topic are usually

based on the calibrations at the point-scale (Jiang et al.,

2008; Sun et al., 2009), making the point-scale observations critical. However, measurements of the actual ET

with different approaches still have large uncertainties.

Table VI lists some results of the observed or simulated

actual ET in this region. All these measurements were

carried out under a non-deﬁcient-irrigation treatment. It
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Figure 9. Comparison of the daily soil water content (SWC) in the root-zone (0–80 cm) at the Weishan site

Figure 10. Comparison of daily soil water content (SWC) in the root-zone

(0–100 cm) at the Luancheng site

was shown that wheat consumes more water than maize,

while the ET values of each study were clearly different.

In this study, the simulated seasonal total ET in the wheat

and maize seasons at the Weishan site was lower than

the observed ET by lysimeter at the Yucheng site (about

60 km away from the Weishan site; Figure 1). The simulated seasonal total ET in both seasons at the Luancheng

site was signiﬁcantly lower than the observed ET by

lysimeter. Our results were lower than the other simulated

results which were calibrated on observed ET by lysimeter, and were comparable with the result which was not

calibrated on observed ET. Liu et al. (2009) pointed out

that the ET measured by the EC technique was 20% lower

than that measured by the large weighing lysimeter at the

Yucheng site based on a 3-year data comparison. Measured ET by the EC technique was also 30% lower than

that by the lysimeter at the Luancheng site (Figure 11).

It has been well recognized that the EC technique suffers from the energy imbalance problem (i.e. the total of

latent and sensible heat ﬂuxes were under-measured). On

the other hand, the measurements of the large weighing

lysimeter could be over-measured because of the ‘oasis

effect’ (Jiang et al., 2008). However, all these approaches

Table V. Sensitivity of gross primary production (GPP) and evapotranspiration (ET) to some key parameters in SiB2

Crop Parameters Values Source GPP (gC m
2

) ET (mm)

wheat Maximum

carboxylation rate

(Vcmax)

100 default value in

SiB2

790 318

120 (C20%) Maximum value in

Feng et al., 2010

887 (C12%) 325 (C2%)

60 (
40%) Minimum value in

Feng et al., 2010

522 (
34%) 277 (
13%)

Ball-Berry parameter,

m

9 default value in

SiB2

703 277

13 (C44%) Average value in

this study

751 (C7%) 314 (C13%)

16 (C78%) Maximum value in

this study

756 (C8%) 331 (C19%)

Maize Maximum

carboxylation rate

(Vcmax)

30 default value in

SiB2

929 305

60 (C100%) Kim et al., 2007 1166(C26%) 322 (C6%)

Ball-Berry parameter,

m

4 default value in

SiB2

929 305

2Ð4 (
40%) Minimum value in

this study

906 (
2%) 280 (
8%)

5Ð7 (C35%) Maximum value in

this study

917 (
1%) 326 (C7%)

Ball-Berry parameter,

b

0Ð04 default value in

SiB2

925 322

0Ð02 (
50%) This study 929 (C0Ð4%) 305 (
5%)

— Soil resistance (rsoil

)

equation

rsoil D exp


8Ð206 
 4Ð225








sat


SiB2 — 633

rsoil D 30Ð3





sat





4Ð1

C 261Ð7 This study — 538 (
15%)
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Table VI. Comparison of the simulated ET with other studies

Evapotranspiration (mm) Period Place Method Source Remark

Annual Wheat season Maize season

880 458 412 1986–2007 Yucheng

a

large weighing

lysimeter

Liu et al., 2009 —

(max: 549) (max:.484)

(min: 324) (min: 318)

876 453 423 1995–2000 Luancheng large weighing

lysimeter

Liu et al., 2002 —

(std: 30) (std. : 22)

— Mostly from

330 to 500

Mostly from

140 to 350

1992–1993 North China

Plain

coupled SVAT

and crop

growth model

Mo et al., 2005 Not calibrated

with

observed ET

730–843 — — 1998–2003 Luancheng soil-water

balance

model

Jiang et al., 2008 Calibrated with

observed ET

using

lysimeter

— 424 — 2003–2004 North China

Plain

Remote sensing

model

Li et al., 2008 Calibrated with

observed ET

using

lysimeter

748 412 337 2005-2009 Weishan SiB2 model This study Not calibrated

with

observed ET

619 314 305 2008 Luancheng SiB2 model This study Not calibrated

with

observed ET

a

The site is about 60 km away from the Weishan site.

Max, min, and std are the maximum, minimum, and standard deviation, respectively.

Figure 11. Comparison of the daily evapotranspiration (ET) measured

using the eddy covariance (EC) technique and large weighing lysimeter

at the Luancheng site (in the year 2008)

are commonly used to measure ET, and which approach

is better is difﬁcult to justify if they are correctly handled.

Thus, calibrating the model on only a one-point observation when it is used for regional simulation is risky. The

most appropriate way is to develop the more mechanical model without calibration and to test the model using

comprehensive independent data, and has been already

attempted in this study.

CONCLUSIONS

The ofﬂine simulations of energy and carbon dioxide

ﬂuxes and soil moisture through SiB2 were performed at

two typical ﬂux sites with wheat/maize double cropping

in the NCP. The model was comprehensively tested of

its applicability by comparing the simulations with ﬁeld

observations, which is the basis when the model is used

to the regional simulation.

The parameterisation of the soil respiration based on

the observations was included in the model, enabling

SiB2 to simulate the carbon budget for this agroecosystem. The parameterszation of soil resistance in the original SiB2 led to the signiﬁcant underprediction of soil

resistance and could lead to a 15% overprediction of

the ET at the Weishan site, which could possibly be

attributed to the effect of straw mulching. The default

Ball-Berry slope m of wheat in SiB2 was much lower

than the observed value based on the observations of leaf

stomatal conductance, which could lead to a 13% underprediction of the ET. Overall, the re-parameterized SiB2

was reasonably successful in simulating LE and NEE.

The sensitivity analyses indicated that the simulation of
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the GPP was very sensitive to the Vcmax, suggesting that

the comprehensive measurements of Vcmax and other relevant elements are required in this region. SiB2 provides a

sound mechanism to study the carbon and water exchange

between croplands and atmosphere and can be used to

estimate the regional ET and GPP of the agroecosystem

in the NCP.
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