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Abstract: Agricultural oasis expansion and intensive management practices have occurred in arid
and semiarid regions of China during the last few decades. Accordingly, regional carbon and water
budgets have been profoundly impacted by agroecosystems in these regions. Therefore, study on the
methods used to accurately estimate energy, water, and carbon exchanges is becoming increasingly
important. Process-based models can represent the complex processes between land and atmosphere
among agricultural ecosystems. However, before the models can be applied they must be validated
under different environmental and climatic conditions. In this study, a process-based agricultural
ecosystem model (Agro-IBIS) was validated for maize crops using 3 years of soil and biometric
measurements at Wulanwusu agrometeorological site (WAS) located in the Shihezi oasis in Xinjiang,
northwest China. The model satisfactorily represented leaf area index (LAI) during the growing
season, simulating its peak values within the magnitude of 0–10%. The total biomass carbon was
overestimated by 15%, 8%, and 16% in 2004, 2005, and 2006, respectively. The model satisfactorily
simulated the soil temperature (0–10 cm) and volumetric water content (VWC) (0–25 cm) of farmland
during the growing season. However, it overestimated soil temperature approximately by 4 ◦C and
VWC by 15–30% during the winter, coinciding with the period of no vegetation cover in Xinjiang.
Overall, the results indicate that the model could represent crop growth, and seems to be applicable in
multiple sites in arid oases agroecosystems of Xinjiang. Future application of the model will impose
more comprehensive validation using eddy covariance flux data, and consider including dynamics
of crop residue and improving characterization of the final stage of leaf development.
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1. Introduction

The expansion of agriculture and intensification of human activities on a global scale has led
to significant changes in the distribution of vegetation, as well as the surface biochemical and
biophysical processes [1–8]. Therefore, understanding the extensive changes and management impacts
in agricultural ecosystems is significant to examine regional carbon, water, and energy cycles [9–13].
Especially in arid agricultural oases, monitoring and modelling of water and carbon exchanges has
become very important for quantitative assessment of these budgets in these regions.

Over the recent decades, researches have been performed on carbon budgets in managed
ecosystems at different scales using various methods including process-based models [14–18].
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However, there is still lack of understanding of the magnitude and spatial-temporal patterns
of carbon fluxes due to human-involved processes and less reliable data. Agroecosystems have
been reported as a carbon sink, as increased crop yields and intensified management practices
have led to accumulations of carbon [19,20]. Carbon dynamics in these systems are important
for the global terrestrial carbon budget [21,22], but it is challenging to quantify carbon fluxes at
a larger scale because of the variability in climate and environmental conditions [23–25]. Numerical
models can describe land atmosphere interactions and quantify carbon budgets at multiple scales,
from regional to global [26–28]. Until recently, many biosphere models have approximated agricultural
ecosystems [29–31]. Some biosphere models have incorporated different agroecosystems into their
traditional representation of natural vegetation. There have also been several other ecosystem
process models (e.g., CLASS and GLAM) that incorporate agroecosystems into regional climate
models [32–36]. Another example is a process-based dynamic agro-ecosystem model, called Agro-IBIS,
that is agricultural version of the Integrated Biosphere Simulator (IBIS) [37]. Agro-IBIS can simulate
the bio-geophysical processes and agricultural management impacts for specific plant types in natural
and managed ecosystems at local, regional, or global scales. The simulation of annual crops (maize,
wheat, soybean, sugarcane, etc.) using the Agro-IBIS model has been evaluated in several studies.
For example, Kucharik and Twine validated the model using surface flux measurements of carbon,
water, and energy at AmeriFlux eddy covariance site in Mead, Nebraska [23]. Twine and Kucharik
validated Agro-IBIS by simulating the vegetation phenology in comparison to the satellite information
of greenness [38]. Webler et al. evaluated the model by simulating carbon, water, and energy fluxes
at an experimental soybean site in southern Brazil [39]. Generally, these models were calibrated for
specific sites. However, revalidation of the model is essential before application to different regions due
to the variability in soil, climate, and crop conditions. Such validation provides important information
about model performance and uncertainty.

The purpose of this study is to validate an agroecosystem model Agro-IBIS against biometric
and soil environment observations made over an agro-meteorological site in Xinjiang, northwest
China. By comparison of Agro-IBIS results against observations, it is intended to answer how a model
calibrated for North American conditions represents the maize crops in northern Xinjiang. Testing the
ability of Agro-IBIS model with biophysical crop measurements, soil temperature, and soil moisture
observations in this area help examine the performance of the model to simulate surface biophysical
processes in arid agricultural oases under various management practices.

2. Materials and Methods

2.1. Study Site

The field data were collected at the Wulanwusu Agro-meteorological Experiment Station (WAS)
(85◦49′ E, 44◦17′ N) in the oasis of Shihezi located in Xinjiang, northwest China. It is characterized
by an arid climate with distinct seasons. The mean annual temperature is 7.3 ◦C, and mean annual
precipitation is 220 mm (averaged over the 1981–2010) with a mean annual pan evaporation of
1664.1 mm. Annual sunshine hours and frost-free period are 2861.2 h and 170 days, respectively.
Gray desert soil is the main soil type with a sandy loam texture, which has an average bulk density
of 1.30 g/cm3. At the study site, irrigated maize was continuously planted on 21 April, 20 April,
and 18 April in 2004, 2005, and 2006, respectively. Maize was grown under management of no-tillage
in all annually cropped systems.

2.2. Field Measurements

The measurement data collected for maize at the site during the growing season from 2004 to
2006 were used to evaluate the performance of Agro-IBIS model. Continuous observations of daily
soil temperature at 0–10 cm and volumetric water content (VWC) at 0–25 cm soil depth, periodic LAI
measurements, aboveground crop biomass, and crop yields were compared with simulated values by
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Agro-IBIS model. A destructive sampling method (every 15–25 days) was used to estimate the values
of maize LAI and biomass during the study period.

The total carbon mass (NPP) was calculated using the following equation [40]:

NPP =
(1−MC)×Y× C

HI × fAG
(1)

where MC is the grain moisture content during harvest; Y is measured crop yield; C is a factor of
carbon conversion of biomass; HI is the fraction of grain yield in total plant biomass (harvest index);
fAG is root to shoot ratio of crops. HI was set to 0.43. The values of C, MC, and fAG were set to 0.45,
0.11, and 0.09, respectively [41].

2.3. Description of Agro-IBIS Model

Agro-IBIS is an updated version of the Integrated Biosphere Simulator (IBIS) model, integrating
agricultural crops (Figure 1) [42,43]. Currently, it represents 17 plant functional types (PFT), including
12 natural vegetation and 5 crop types (soybean, maize, wheat, sugarcane, and Miscanthus) [44,45].
Agro-IBIS can simulate the biogeophysical processes and agricultural management impacts for
specific plant types in natural and managed ecosystems. The model represents the land surface
and soil physics (momentum exchanges of energy, water vapor and CO2 among soil, vegetation
and atmosphere), plant physiology (photosynthesis, respiration, and conductance), crop phenology
(leaf emergence, growth, grain fill, and senescence), carbon balance (NPP, soil respiration, organic
matter decomposition), as well as the processes related to agro-ecosystems such as solute transport
(nitrogen leaching from fertilizer), and crop management options (cultivar selection, planting and
harvest date, fertilizing, and irrigation). Agro-IBIS uses hourly time step to simulate the rapid
exchanges of energy, water or CO2 between plant, soil, and atmosphere. The driving data range
from meteorological dataset at site level to gridded climate datasets at global scale, so the model can be
used to investigate precision agriculture and global climate change impacts on terrestrial ecosystems.
Each grid cell includes two canopy layers: upper canopy for forest and lower canopy layer for shrubs,
grasses, and crops (lower-level vegetation canopy for corn is used in this study). The model contains
three snow layers and eleven soil layers of varying thickness (i.e., 5, 10, 20, 30, 40, 60, 80, 100, 150,
200, 250 cm) with corresponding physical properties. Richard’s equation and Darcy’s law are adapted
to calculate and model vertical water flux between these soil layers [46]. Agro-IBIS can explicitly
represent the temperature and water content of each soil layer, as well as the radiation exchanges
between the atmosphere and soil surface. The surface albedo is calculated by the vegetation cover,
the surface soil texture class and water content, and the incoming solar radiation. The photosynthesis,
stomatal conductance, and respiration of C4 plants are represented physiologically in mechanistic
corn growth model [47,48]. To reduce the maximum photosynthetic capacity (Vmax) of the plant, soil
moisture, and leaf-nitrogen stress functions are used. Partitioning of dry matter to carbon pools in
plants (leaf, stem, grain, root) and phenological stages of development (planting, leaf emergence,
tasseling, and harvesting) during the growing season are dynamic and dependent on base temperature
for accumulated growing degree days (GDD). The model can also account for carbon and nitrogen
fluxes through vegetation, detritus, and soil organic matter. Daily leaf area expansion is obtained
by multiplying total leaf biomass carbon and specific leaf area (SLA) at daily time step. Agro-IBIS
simulates evapotranspiration (ET) by the sum of total canopy transpiration and evaporation from
soil and plant leaf surfaces. Agro-IBIS does not include groundwater as a lower boundary condition,
therefore free drainage is allowed in the model. Canopy and land surface processes of different
crop functional types (C3 and C4) are determined by their distinctions in physiology, phenology,
and responses to management options and environmental stresses. Agro-IBIS outputs include crop
yield, dry matter productivity (leaves, stem, grain, and roots), LAI, evapotranspiration, and carbon as
well as energy fluxes.
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Figure 1. Schematic of Agro-IBIS (adapted from Kucharik et al. [49]).

2.4. Model Parameters and Input

The Agro-IBIS model was validated for maize crop using 3 years of observed LAI, leaf and
stem carbon, crop yields, and soil temperature and moisture at the WAS site. Hourly meteorological
observations (including shortwave radiation, precipitation, air temperature, wind speed and relative
humidity) from the WAS site were used to force the model. In model simulations, sandy loam texture
was used as dominant soil texture (percentage of sand, silt, and clay) for each soil layer based on
local soil measurements and corresponding physical properties at the site. This study used the main
parameters of the Agro-IBIS model originally calibrated for North American conditions by Kucharik
and Twine [23], and only changed the parameters related to crop phenological stages and management
options at the specific site. The level of CO2 in the atmosphere was set to 370 ppm. The actual planting
date for each year was selected from the site management data. Additionally, GDD8 was set to 1700
according to the accumulated GDD during the period of planting and harvest dates at the maize site.
It was assumed that plant growth was not limited by nitrogen in the simulations. The crop residue
management after harvest is not represented in Agro-IBIS, therefore, bare soil conditions exist from
harvest through plant emergence. Experimental simulation with Agro-IBIS for the period 2004–2006
was performed for continuous maize at 0.5◦ × 0.5◦ spatial resolution using the parameters listed in
Table 1. Irrigated maize crops were assumed to be grown (100% cover) in model simulations.
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Table 1. Agro-IBIS parameters. LAI: leaf area index. GDD: growing degree days. Vmax: the maximum
photosynthetic capacity.

Main Parameters Maize (Base 8 ◦C)

Maximum LAI (m2 m−2) 5.2
GDD to leaf emergence 51.0

Initial fraction C allocation to leaf 0.64
Maximum GDD to physiological maturity 1700

Max GDD past grain fill initiation 1190
Maximum Harvest Index 0.65

Initial fraction C allocation to roots 0.24
Grain fraction of reproductive C pools 0.85

End of Season C allocation to leaf 0.05
Carbon fraction dry matter (leaf and stem) 0.43

End of Season C allocation to roots 0.20
Initial fraction C allocation to stem 0.16
End of Season C allocation to stem 0.10

Carbon fraction in grain 0.39
Vmax (umol [CO2] m−2 s−1) 32.5
Field capacity (sandy loam) 0.027
Wilting point (sandy loam) 0.095

Campbell’s ‘b’ exponent (sandy loam) 3.1
saturated hydraulic conductivity (m s−1, sandy loam) 7.1944 × 10−6

C:N ratio of microbial biomass 8.0
C:N ratio of structural plant (leaf and root) litter 150.0

C:N ratio of metabolic (plant and root) litter 6.0
C:N ratio of woody biomass components 250.0

protected biomass fraction of total soil organic carbon 0.017

The model spin-up run for each year contained 250-year historical datasets of the Climate
Research Unit’s (CRU) [50] and the National Centers for Environmental Prediction-National Center for
Atmospheric Research (NCEP/NCAR) [51] with natural vegetation only from 1751 to 1910 and maize
crops from 1911 to 2003 for the grid cell where includes the location of WAS site. This initialization
procedure enables the pools of soil organic carbon reach an equilibrium state. Partitioning of carbon in
soil was dependent on the carbon accumulated by this additional “spin-up” simulation, which can
bring an increase in soil C stock from an initial carbon storage of zero [42].

The monthly climate observations combined with daily reanalysis data at a 0.5◦ × 0.5◦ spatial
scale were used to drive the model. These data were obtained by monthly climate anomaly data
(1961–1990) from CRU05 dataset (1901–2009) with daily anomalies (1948–2009) from NCEP/NCAR
reanalysis data set. The vegetation data was derived from 1-km DISCover land cover dataset and
GLC2000 crop fractional coverage data. These daily atmospheric inputs and the CRU monthly climate
anomaly were used with combination of statistical weather generator to produce hourly values for all
climate variables [52,53]. The hourly air temperature and atmospheric humidity are estimated based
on Campbell and Norman’s method [46]. Within each day, the starting/ending time and duration
of a precipitation event are randomly generated. The hourly wind speed is estimated by using the
equation from the Environmental Policy Integrated Climate (EPIC) weather generator [54].

3. Results

3.1. Leaf Area Index (LAI)

LAI is significant for crop simulations, and has direct effects on the fluxes of energy, water, and
carbon. LAI observations collected at the WAS site were used to evaluate the ability of Agro-IBIS
model to simulate leaf growth in different periods. In Figure 2, the observed and simulated LAI
values for maize were compared. These results indicated that the simulated LAI values by Agro-IBIS



Agronomy 2018, 8, 29 6 of 13

agreed well with measured LAI values. The model captured the rapid rate of LAI increases with
slight underestimation from the period after planting to the end of June in 2004 and 2005. However,
it overestimated LAI by an average of 27% in 2006. The model had difficulty in estimating the LAI
from the beginning of August until the end of September across all years, but it performed better
for peak LAI, simulating with delay or advance in a time of maximum LAI by a few days and the
magnitude within 0–10%. For maize simulation, RMSE (root mean square error) and r2 (correlation
coefficient) values for overall comparisons of Agro-IBIS against the observed data were 0.98 m2 m−2

and 0.79, respectively.
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Figure 2. Observed and simulated Leaf Area Index (LAI) for maize (a) and scatter plot comparison
(b) from 2004 to 2006 at WAS site. (DOY: day of year. WAS: Wulanwusu Agro-meteorological Station).

3.2. Crop Biomass

Biometric measurements of aboveground vegetation biomass (converted to carbon) and simulated
biomass carbon were compared to evaluate the performance of Agro-IBIS model. Figure 3 shows the
comparison of total simulated aboveground crop biomass (including leaf, stem, and reproductive
biomass carbon) and observed values of carbon (calculated by multiplying the dry weight by
0.45 [55]) in each year for maize. The predicted values by the model were found to be acceptable for
maize. The biomass carbon values in maize were closely simulated in the growing season. However,
the predicted biomass carbon was overestimated by 15%, 8%, and 16% in 2004, 2005, and 2006,
respectively. The total simulated aboveground biomass carbon at harvest was 791.2 g C m−2 (averaged
over the 3 years), among which leaves, stems and reproductive biomass for maize were 118.4, 288.3,
384.5 g C m−2, respectively. Further testing for Agro-IBIS was performed by the comparisons of the
simulated biomass values against the measured values. The overall r2 relevant to all total aboveground
crop biomass values was 0.98, and the RMSE value was 67.2 g C m−2.
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Figure 3. Observed and simulated aboveground biomass carbon for maize (a) and scatter plot
comparison (b) from 2004 to 2006 at WAS site.
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3.3. NPP

Figure 4 shows the comparison between the simulated NPP by Agro-IBIS and the estimated NPP
by observed crop yield based on the method described in Section 2.2. The model-simulated NPP was
consistent with the measured NPP in each year, despite the overestimation of observed values by
an average of 12.6% across all years. It indicates that the Agro-IBIS model could correctly represent
the inter-annual variability in the measured NPP. The simulated annual NPP averaged 1252, 1098,
and 1245 g C m−2 year−1 for 2004, 2005, and 2006, respectively, while the observed values were 1125,
990, and 1035 g C m−2 year −1.
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Figure 4. Simulated and observed annual total carbon mass (NPP) for maize at the WAS site.

3.4. Soil Temperature and Soil Moisture

The modeled and observed daily average soil temperatures (0–10 cm) were compared.
Their correlation yielded an r2 value of 0.96 for maize at the WAS site. The statistical value and
the seasonal changes of soil are shown in Figure 5. It indicated that Agro-IBIS could capture seasonal
changes in soil temperature. However, the model overestimated soil temperature in each year from
early winter until late March (Figure 5). The daily average values of observed soil temperatures were
8.8, 8.8, and 9.5 ◦C in 2004, 2005, and 2006, respectively, compared to 12.8, 12.9, and 13.4 ◦C for the
simulated values. It is revealed from the regression of simulated and measured daily soil temperature
(Figure 6) that the model overestimated the soil temperature approximately by 4 ◦C, even though the
overall r2 was 0.96.
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Figure 5. Observed and simulated 0–10 cm daily average soil temperature at the WAS site.
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Figure 6. Scatter plot of simulated and observed 0–10 cm daily average soil temperatures at the
WAS site.

The daily average VWC (0–25 cm) simulated by Agro-IBIS was compared with observed daily
average values (Figure 7). Overall, the Agro-IBIS model overestimated VWC by 10% through all years.
Better simulation during the crop growth period, and overestimation of approximately 15–30% through
the early winter (December) to February were observed. The similar simulation errors occurred during
the winters of all years at the site. The overall correlation coefficient (r2) between simulated and
observed VWC was 0.29 (Figure 8), and the simulated daily average VWC values over the three years
2004, 2005, and 2006 were 0.32, 0.32, and 0.31 m3 m−3, respectively, while the measured values were
0.32, 0.30, and 0.28 m3 m−3.
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Figure 8. Scatter plot of simulated and observed 0–25 cm daily average soil volumetric water content
at the WAS site.

4. Discussion

It was indicated from the evaluation study of Agro-IBIS that the model could represent the
maize growth at the WAS site in Xinjiang, northwestern China, despite using the model calibrated
for North American conditions. Most of the changes in model parameters were only associated
with crop phenological stages and management (i.e., plant height, Vmax, the planting and harvest
dates, maximum GDD for physiological maturity). Higher Vmax in this parameterization was due to
an increased photosynthesis rate in the warm and dry climates where light is intense. The simulated
maize LAI closely matched the timing and magnitude during the most of the growing season, despite
the poor simulation results within the period of leaf senescence. These errors might be attributed to
a bias in systematic parameterization of LAI in cropping systems, which also occurred in previous
simulations. Mathematical adjustment to the computation of LAI was suggested recently to obtain
a better representation of the grain fill to the physiological maturity period [56].

The biomass accumulation and crop growth rate were well represented by the Agro-IBIS model
with slight overestimation across all years. Management practices in arid oasis agriculture such as
drip irrigation which contributes to effective use of water (EUW) and crop yield. In fact, a variety of
other factors (e.g., fertilizing scheme as well as pests, disease, and nutrient stresses) also affect the C
allocation scheme for individual plant carbon pools [57]. However, these factors cannot be captured by
the model. Therefore, the slight deviation between the simulated and observed data might imply the
exact conditions in the field.

The model’s result in simulating the annual NPP for maize was higher than the observed values.
The inadequate modelling of dynamic distribution of carbon assimilates might have resulted in this
problem which is mainly caused by the model formulation or parameterizations. The systematic biases
that were unrelated to crop type or management practices have been noted previously with IBIS [58].

The soil temperature (0–10 cm) was closely simulated when crop covered the surface around
late May and June with rapidly increasing LAI. However, soil temperatures at near surface (0–10 cm)
were overestimated before growing season in all years. This might be attributed to the absence of
vegetative cover. Also, there was overestimation in wintertime soil temperature, which can be improved
by representation of surface crop residue. It was reported that crop residues in agroecosystems
help conserve higher water content in the soil by attributing to reduced soil temperatures and
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evapotranspiration [59–61]. The consideration of residue cover on the soil surface during the wintertime
can lead to a significant positive soil heat flux bias.

Several studies conducted on validations of Agro-IBIS model against observations conducted
in natural and managed ecosystems (i.e., agroecosystems) reported an overestimation of soil
moisture [39,58]. In this study, soil VWC was overestimated in all years. Despite the overestimation in
simulation of soil VWC, Agro-IBIS could capture the daily and seasonal fluctuations in the magnitudes.
It can be hypothesized that if residue remained on the soil surface in the continuous irrigated maize
field, the irrigated water may have less chance to infiltrate into the soil due to higher interception
and re-evaporation. The residue layer covering the soil during wintertime reduces evaporation rate
compared to bare soil. The lack of representation of residue cover in Agro-IBIS after harvest most
likely resulted in overestimation for the soil VWC in the late fall and winter than any other time.
The addition of a surface residue layer (as the process of weathering acts) will likely improve the model
performance in future simulations of carbon, water, and energy balance. Such model validations using
eddy covariance flux data will further contribute to better simulation results.

5. Conclusions

In general, the use of field measurements of biometric variables and soil environment has
a significant role in validating the Agro-IBIS model in the oases croplands of Xinjiang. The model,
originally calibrated for North American conditions, can persistently represent the crop growth and
development of maize at the WAS site in Shihezi oasis. Most of the parameter changes are only
associated with the crop phonology and management options. The simulated LAI, total crop biomass,
NPP, soil temperature, and soil moisture generally showed good agreement with the measurements,
despite the lack of net CO2 flux data for maize crops at the study site. This validation improves our
confidence to apply the model at a regional scale in Central Asian agricultural oases in the future.
Currently, eddy covariance flux data is available in cotton fields at the WAS site. This will allow us to
conduct further comprehensive evaluations of the model’s performance with flux measurements by
incorporating cotton crops into the Agro-IBIS model. This will substantiate the results of this research
and help conduct in-depth assessments of oasis agroecosystems.
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