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Abstract 
 
Recently, carbon capture and storage by soils is recognized as an important function of agricultural fields. 
When discussing global warming mitigation such as proper agricultural practices and/or an appropriate 
depth of composting in agricultural lands for soil carbon storage, not only CO2 efflux, but also profiles of 
CO2 concentrations in soil air are important. In this study, we evaluated the performance of the SOILCO2 
model in predicting soil CO2 dynamics, especially CO2 concentrations at various depths in an arable bare 
land of Andisol. We attempted to experimentally determine two soil parameters required for the CO2 
production model, the optimal CO2 production rate and the parameter of a depth-dependent CO2 
production function, by measuring CO2 efflux from the surface and a vertical distribution of 
concentrations of dissolved organic carbon, respectively. Soil CO2 concentrations, water contents, and 
temperatures were continuously monitored for about a half year at three different depths. Simulated 
results were compared with the observed data for model validation. We concluded that the soil parameters 
were properly determined, especially for the upper layer, and that the soil CO2 dynamics in the arable 
bare land could be well predicted using the SOILCO2 model.  
 
 

1. Introduction 
 
Soil retains two to three times more carbon (C) than the atmosphere (Sundquist, 1993). Soil is an 
important source and sink of C, and soil respiration plays an important role in soil CO2 
dynamics. Recently, it has become more and more important and necessary to predict the soil 
CO2 dynamics in agricultural lands. Carbon capture and storage (CCS) are recognized as 
important functions of agricultural fields, and the capacity for the C storage of agricultural lands 
has been discussed. For example, the application of compost to agricultural fields has been 
attempted to increase the C storage in soils (Ministry of Agriculture, Forestry and Fisheries of 
Japan, 2008). Effects of various management practices, such as drainage, tillage, and fertilizer 
applications on the soil organic C dynamics have been investigated in various parts of the world 
(e.g., Lal and Kimble, 1997).  
 
When predicting the soil C storage and discussing global warming mitigations such as proper 
agricultural practices and/or an appropriate depth of composting in agricultural lands, both CO2 
fluxes and profiles of CO2 concentrations in soil air are important. However, most previous 
studies dealing with modeling of soil CO2 dynamics have focused on predicting the soil CO2 
efflux, and few have evaluated the model performance with respect to simulated profiles of soil 
CO2. It is mainly because of the two following difficulties remaining in simulating vertical 
distributions of soil CO2 concentrations.  
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First, there is no acceptable way of determining parameters describing the soil CO2 production 
and transport. There are many ways to empirically describe the vertical distribution of the CO2 
production rate, which varies with land use such as agricultural fields and forests. Uncertainty in 
soil hydraulic parameters were also said to have strong impact on simulated CO2 dynamics, 
because the volumetric water content directly affects the soil respiration rate, and indirectly CO2 
diffusion (Buchner et al., 2008). 
 
Second, lack of monitoring data for model validation has been problematic for predicting soil 
CO2 dynamics. Validation of models simulating soil CO2 dynamics has been done mainly using 
the data of CO2 flux from the soil surface rather than continuously monitored data of CO2 at 
various depths. Recently, a gas permeable resin, which allows gas to pass but excludes liquid 
water from outside, has been used to monitor soil gas without disturbing the soil air phase. Kato 
et al. (2013) reduced the size and improved responsiveness of the CO2 monitoring system to 
conduct continuous monitoring at various depths.  
 
The purpose of this study is to predict the soil CO2 dynamics, which includes both CO2 fluxes 
from the soil surface and profiles of CO2 concentrations in the arable bare land in the western 
suburb of Tokyo, using the SOILCO2 module of HYDRUS-1D (Šimůnek et al., 2008). In this 
study, we tried to experimentally determine two CO2 production parameters dealing with the 
amount and distribution of the respiratory substrate in soil. Continuous monitoring of soil CO2 
concentrations was conducted over half a year to obtain data for evaluating the model 
performance. Soil water contents and temperatures were also monitored and simulated results 
were compared with observed values.  
 
 

2. Materials and Methods 
 
2.1. Study Site and Field Monitoring 
 
For model validation, continuous monitoring was conducted at the Institute for Sustainable 
Agro-ecosystem Services of the University of Tokyo (ISAS-UT; N 35°44′13″, E 139°32′30″) in 
Nishi-Tokyo City, a western suburb of Tokyo, for approximately half a year from 28th Aug., 
2010 to 31st March, 2011. The soil between depths of 0 and 35 cm was Kuroboku andisol (soil 
texture: Loam), and between depths of 35 and 100 cm was Tachikawa loam andisol (soil texture: 
Light Clay). A 10-m2 area was kept bare until the end of the monitoring using weed 
management. 
 
Time-domain reflectometry (TDR) sensors (self-made) and copper-constantan type 
thermocouples were used to monitor soil water contents and soil temperatures, respectively, at 
depths of 3, 5, 7, 10, 20, 30, 50, and 80 cm. TDR sensors were connected to the TDR100 Time-
domain reflectometer (Campbell Scientific Inc., United States) and both TDR100 and 
thermocouples were connected to a CR10X data logger (Campbell Scientific Inc., United States) 
(Kato et al., 2011). Non-Dispersive Infrared type CO2 sensors GMM 221 (Vaisala Co. Ltd., 
Finland) were used for measuring soil CO2 concentrations at depths of 10, 20, and 50 cm. Each 
CO2 sensor (GMM221) was sealed in a gas-permeable silicone tube (Kato et al., 2013). These 
CO2 sensors were connected to a CR1000 data logger (Campbell Scientific Inc., United States). 
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All data were collected every 20 minutes. CO2 efflux from the surface during daytime was 
measured with a closed chamber method in both summer (28th Jul., 2011) and winter (20th Dec., 
2010). Meteorological data was obtained from the ISAS-UT and AMeDAS (Automated 
Meteorological Data Acquisition System, Japan Meteorological Agency) weather stations 
located in the city of Fuchu, about 10 km south from the experimental field. 
 
2.2. Numerical Models 
 
The SOILCO2 model first calculates soil water flow and heat transport since the CO2 production 
is sensitive to both soil water contents and soil temperatures. The governing equation for one-
dimensional water flow in bare fields is the Richards equation. Heat transport can be described 
with the convection-dispersion equation when the effects of water vapor diffusion are neglected: 
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where Cp and Cw are volumetric heat capacities of the moist soil and liquid water, respectively. λ 
is the thermal conductivity of the moist soil and qw [L T-1] is soil water flux. 
 
In SOILCO2, the one-dimensional CO2 transport in bare fields can be described as follows: 
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where ca and cw are the volumetric concentrations of CO2 in the gas and dissolved phase [L3L-3], 
respectively, Ddif_s is the effective soil matrix diffusion coefficient of CO2 in the gas phase [L2T-

1], Ddisp_s is the effective soil matrix dispersion coefficient of CO2 in the dissolved phase [L2T-1], 
and θa and θw are the volumetric fractions of air and water [L3L-3], respectively. P is the CO2 
production term. The term on the left-hand side of eq. (2) represents changes in the total CO2 
concentration in the soil. The first, second, and third terms of the right-hand side correspond to 
gaseous soil CO2 flux by diffusion, dissolved CO2 flux by water dispersion, and by convection, 
respectively. In this study, convective transport of CO2 in response to the total pressure gradient 
was assumed to be negligible compared to diffusion.  
 
The total dissolved CO2 concentration, cw, defined as the sum of aqueous CO2(aq) and H2CO3, is 
related to the CO2 concentration in the gas phase by Henry’s law as follows: 
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where KCO2 is the Henry’s law constant [MT2M-1L-2], R is the universal gas constant (=8.314 JK-

1 mol-1) [ML2T-2K-1M-1], and T is the absolute temperature [K]. The dispersion coefficient Ddisp_s 
and the diffusion coefficient Ddif_s are defined according to Millington and Quirk (1961): 
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where Ddisp_w and Ddif_a are the dispersion coefficient of CO2 in the aqueous phase and the 
diffusion coefficient of CO2 in the air, respectively, τw and τa are the tortuosity factors [LL-1] in 
both phases, respectively. p is the porosity [L3L-3], which is assumed to be equal to the saturated 
water content θs, and λw is the dispersivity in the water phase [L].  
 
Soil CO2 in bare fields is assumed to be produced by soil microorganisms. In this study, 
respiration by plant roots was ignored.  
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where γs [L3L-3T-1] is the CO2 production rate by soil microorganisms, which is calculated as the 
reduced optimal production rate γs0 by soil microorganisms for the entire soil profile at 20oC 
under optimal water, solute, and CO2 concentration conditions, with the various environmental 
factors described by reduction coefficients fsi. In this study, four environmental factors were 
taken into account; f1(z) for depth, f2(T) for temperature, f3(ca) for the CO2 concentration or O2 
concentration, and f4(h) for soil moisture. 
 
The reduction coefficient for depth, f1(z), represents a profile of the potential CO2 production rate 
or respiration rate by soil microorganisms when other conditions such as moisture and 
temperature are vertically uniform. In SOILCO2, the exponential function is used: 
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where a is an empirical constant [L-1]. The exponential function is multiplied by the constant a to 
insure that the integral from the soil surface to the infinite depth of the function f1(z) is equal to 
unity.  
 
The dependence of the soil CO2 production, f2(T), on temperature is described using the 
Arrhenius equation: 
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where f2(T) = 1 when temperature is T20 = 293.15 and K = 20oC. R is the universal gas constant, 
and E is the activation energy of the reaction [ML2T-2n-1], which was treated as a constant in this 
study.  
 
In SOILCO2, the impact of O2 deficiency f3(ca) is not described as a function of soil moisture but 
of the CO2 concentration using the Michaelis-Menten equation:  
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where KM is the Michaelis constant [L3L-3T-1] for O2, that is, O2 concentration cb at which the 
oxygen uptake rate q is equal to 1/2 qmax, which is half of the maximum oxygen uptake rate [L3L-

3T-1], and K*
m is the Michaelis constant for the CO2 concentration. Because f3(ca) is not equal to 

unity when ca = 0, the value of the optimal production γs0 must be adjusted accordingly (Šimůnek 
and Suarez, 1993).  
 
Since SOILCO2 describes the effects of O2 stresses using f3(ca), no reduction in the coefficient, 
f4(h), occurs even close to saturation: 
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where h2 and h3 are the pressure heads when the CO2 production is optimal and when it ceases 
[L], respectively. More details about the model description can be found in Šimůnek and Suarez 
(1993). 
 
2.3. Determinations of Parameters  
 

2.3.1. Soil Hydraulic and Thermal Properties 
 
The soil profile was divided into three layers based on the soil texture and the dry bulk density; 
overlying Kuroboku andisol between 0 and 35-cm depths was subdivided into two layers, 
“Plowed” for depths of 0~15 cm, and “Hardpan” for depths of 15~35 cm, and underlying 
“Tachikawa loam andisol” for the soil layer deeper than 35 cm below the soil surface. The 
Durner-Mualem model (Durner, 1994) was used for predicting water retention curves and 
unsaturated hydraulic conductivities for each soil:  
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where θr is the residual volumetric water content [L3L-3], Ks is the saturated hydraulic 
conductivity [LT-1], Se is the effective saturation [dimensionless], αi [L-1] , l, mi (=1-1/ni), and ni 
[dimensionless] are empirical parameters, and wi are weighing factors (i=1,2). These hydraulic 
parameters in eq. (12) and (13), θr, Ks,  αi , l,  ni, and wi for “Plowed” and “Hardpan” layers were 
determined using an inverse analysis and the evaporation method (Šimůnek et al., 1998). Since 
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Kuroboku andisol is highly aggregated and it is difficult to reproduce the behavior of the 
undisturbed field soil on disturbed repacked soil samples (Kato et al., 2011), undisturbed soil 
cores sampled from each layer were used for the evaporation experiments.  
 
The saturated volumetric water content, θs, plays an important role in predicting CO2 diffusion 
through air-filled pores in a variably-saturated soil. In this study, porosity of the field soil was 
assumed to be equal to θs. The modified version of SOILCO2 was used so that we could conduct 
calculations using the Durner-Mualem model. Soil thermal properties, i.e., soil thermal 
conductivities and volumetric heat capacities of Kuroboku and Tachikawa loam andisols were 
obtained from Kato et al. (2011). 
 

2.3.2. CO2 Production and Transport Parameters 
 
Several laboratory experiments have shown that the soil respiration rate positively correlates 
with the amount of dissolved organic carbon (DOC) (e.g., Sato and Seto, 1999). In this study, a 
profile of the DOC concentration was measured in order to determine the parameter “a” in f1(z), 
assuming that DOC can represent “readily decomposable organic matter” in soil. Field soil was 
sampled at 12 different depths between 0 and 90 cm. DOC of each soil sample was extracted 
with deionized water at the soil-water ratio of 1:5 and then the total organic carbon (TOC) of the 
extracts was analyzed using the TOC analyzer (TOC-VCPH, SHIMADZU Co. Ltd, Japan).  
 
The optimal CO2 production rate by soil microorganisms for the entire profile at 20oC, γs0, was 
determined based on the measured soil CO2 efflux from the soil surface in the field at daytime on 
28th July, 2010, assuming that the rate of the CO2 production of the entire soil profile is equal to 
the CO2 efflux. Since the air temperature at that time was about 28oC, the measured value was 
corrected for the temperature difference using the reduction function of temperature f2(T) (eq. 
(12)) and then divided by f3(ca=0) = 0.91. Other parameters needed to simulate the CO2 transport 
and production were obtained from Suarez and Šimůnek (1993) and Buchner et al. (2008). In the 
simulation, the CO2 production and transport parameters were assumed to be constant through a 
year. 
 
2.4. Initial and Boundary Conditions  
 
In the simulation, the soil profile was considered to be 1000 cm deep with a spatial discretization 
of 1 cm, assuming that the underlying Tachikawa loam layer was distributed down to 1000 cm. 
Since the exact distributions of soil water contents, temperatures, and CO2 concentrations on the 
first day of the simulation period were unknown, initial conditions, at midnight of 1st Jan. 2010, 
were determined by a 1-yr preliminary simulation (Kato et al., 2011), assuming that the initial 
distribution of the soil water pressure head and temperature for the preliminary simulation was -
100 cm H2O and 20oC, respectively. The initial condition for the soil CO2 concentration at the 
surface in the preliminary simulation was set at 0.035%, which is the average atmospheric CO2 
concentration. The soil CO2 concentration then linearly increased to the measured value at a 
depth of 50 cm at 24:00 on 31st Dec., 2010 (=0.45 %). The deeper layer had the same initial CO2 
concentrations as those at a depth of 50 cm.  
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Boundary conditions (BCs) for water movement at the soil surface were hourly precipitations 
observed at ISAS-UT and daily potential evaporation rates, which were obtained from the 
MeteoCrop data base (Kuwagata et al., 2011). A free drainage condition was used at the bottom 
of the soil profile. Continuous surface temperatures, calculated using the sinusoidal function and 
daily maximum and minimum soil surface temperatures, were used as the upper BC for heat 
transport calculations. These temperatures were independently simulated using HYDRUS-1D 
ver. 4.14 (Šimůnek et al., 2008; Kato et al., 2011). A zero temperature gradient was used as the 
bottom BC. The upper BC for CO2 transport at the soil surface was the constant CO2 
concentration at the atmospheric value of 0.035%. The lower BC was also a zero CO2 
concentration gradient (Suarez and Šimůnek, 1993; Buchner et al., 2008).  
 
 

3. Results and Discussion 
 
Estimated water retention curves and unsaturated hydraulic conductivities of each soil layer are 
shown in Figure 1. 
 

 
Figure 1. Estimated (a) water retention curves and (b) unsaturated hydraulic conductivities of 

each soil. 

 
Figure 2. Comparison of the measured profile of DOC concentrations and depth-dependent 

functions of CO2 production rates for different a coefficients, f1(z).  

0

20

40

60

80

100

0 2 4 6 8 10

DOC [μgC g
-1

dry-soil]

D
e
pt

h
[c

m
]

0

20

40

60

80

100

0 2 4 6 8 10

DOC [μgC g
-1

dry-soil]

D
e
pt

h
[c

m
]

a=0.105

a=0.04

Measured

DOC [μgC g - dry soil-1]

 

(a) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1 10 100 1000 10000
Suction [cmH2O]

V
o
l. 

w
a
te

r 
c
o
n
te

n
t 

[c
m

3
 c

m
-
3
]

Kuroboku (Plowed)

Kuroboku (Hardpan)

Tachikawa (Subsoil)

 

(b) 

1.E-07

1.E-05

1.E-03

1.E-01

1.E+01

1.E+03

0 0.2 0.4 0.6 0.8 1
Vol. water content [cm3 cm-3]

H
yd

ra
ul

ic
 c

o
nd

uc
ti
vi

ty
 [

cm
 d

-
1
]    103

   10
1

   10
-1

   10-3

   10
-5

   10-7

 



8 
 

The profile of measured soil DOC concentrations per unit of soil mass is shown in Figure 2. It 
decreases with depth from the surface to a depth of 30 cm, and is almost constant in the 
Tachikawa loam layer. In Figure 2, the profile of measured DOC was compared with f1(z). Here, 
since f1(z) is the normalized function, f1(z) was multiplied by the ratio of measured and calculated 
values at a depth of 2.5 cm. Since the parameter “a” in f1(z) is empirical and there is no common 
method to determine its value, first, a=0.105, after Suarez and Šimůnek (1993) and Buchner et 
al. (2008), was employed. In this case, a decrease in f1(z) with increasing depth was more rapid 
than expected from the measured DOC profile. Since a smaller “a” gives larger values of f1(z) in 
deeper layers, a value of 0.04 was employed as “a” in an attempt to fit the measured DOC. 
Again, f1(z) was multiplied by the ratio of measured and calculated values at a depth of 2.5 cm 
(Fig. 2). When a=0.04, the model described the decrease in the vertical distribution of the 
measured DOC profile in the upper 30-cm-thick soil layer well, though the calculated values 
were still smaller than measured ones below a depth of 40 cm. In simulations presented in this 
study, both values of 0.04 and 0.105 were employed as “a” and their results were compared. 
 
Figure 3a shows a comparison of observed and simulated soil water contents at depths of 10, 20, 
and 50 cm. Data could not be obtained due to sensor and/or datalogger problems from 22nd Sept. 
till 14th Oct., 2010. The model described fluctuations in the soil water content well, reflecting 
rainfall and evaporation. Although there was no rainfall for 47 days from 24th Dec., 2010 to 8th 
Feb., 2011, except for rains of 0.3 mm on 25th Jan. and 0.1 mm on 27th Jan., 2011, the measured 
soil water content at depths of 10 and 20 cm decreased very little, and the model underestimated 
the soil water content during this period. It is possible that air temperatures were below a 
freezing point and ice occurred in the soil profile, while the SOILCO2 model does not take 
freezing and frost into account (Kato et al., 2011).  
 

 
 

Figure 3. Comparison of observed and simulated (a) soil water contents and (b) soil temperatures 
at depths of 10, 20, and 50 cm. 
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Simulated soil temperatures at depths of 10, 20, and 50 cm are compared with observed data in 
Figure 3b. The simulated results agreed with the observed values fairly well. Soil temperatures, 
especially those at depths of 10 and 20 cm, were underestimated in winter. The upper boundary 
condition for soil heat transport was surface temperature, which was independently calculated 
with the HYDRUS-1D model using the energy balance equation. The underestimation of 
temperatures seems to coincide with the underestimation of soil water contents. A lack of 
consideration of the latent heat of freezing and the heat capacity of ice in the heat flow equation 
presumably resulted in the underestimation of the soil temperature in winter and thus inputted 
surface temperatures in winter likely led to the underestimation of soil temperatures.  

 
Figure 4 shows a comparison of observed and simulated soil CO2 concentrations at depths of 10, 
20, and 50 cm. Daily rainfall depth is also shown. Seasonal changes in CO2 concentrations were 
observed at all three depths in the field monitoring. This seasonal variation was associated with 
seasonal changes in soil temperature, e.g., soil CO2 concentrations decreased with decreasing soil 
temperatures. Observed CO2 concentrations suddenly increased when rainfall occurred. This 
could be because the rise in the soil water content following rainfall events (Fig. 3a) enhanced 
activities of microorganisms and decreased the diffusion coefficient (Kato et al., 2013). The 
model could describe these seasonal variations and responses to rainfall well.  
 
When the experimentally determined value of 0.04 was employed for a in f1(z), simulated results 
agreed well with the observed soil CO2 concentrations at both depths of 10 and 20 cm, while the 
model underestimated soil CO2 concentrations at a depth of 20 cm when a literature-based 
a=0.105 was used.  
 

 
Figure 4. Comparison of observed and simulated soil CO2 concentrations at depths of 10, 20, and 

50 cm. 
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The CO2 concentration at a depth of 50 cm was overestimated when the experiment-based 
a=0.04 was employed. This result suggests that the CO2 production from the soil layer below 50 
cm may be smaller than that expected from the DOC distribution. Not only the quantity of DOC, 
but also its quality may determine the respiration rate by soil microorganisms. Boyer and 
Groffman (1996) investigated the vertical distribution of the water extractable DOC (WEDOC) 
and biodegradable DOC (BDOC). They showed that WEDOC diminished with depth and, 
furthermore, the percentage of BDOC to the total WEDOC pool decreased with depth. Wagai 
and Sollins (2002) compared the biodegradability of WEDOC and leachable DOC in forest soils, 
and their results suggest that the leachable DOC was not always labile. In the experimental field, 
some of DOC in the deeper layer must have been leached from the surface layer and less labile, 
and thus the CO2 production rate of deeper soil is small.  
 
 

4. Conclusions 
 
In this study, we evaluated the performance of the SOILCO2 model in predicting soil CO2 
dynamics, especially soil CO2 concentrations at various depths in arable bare land. For the 
simulation, we have tried to experimentally determine two parameters that are related to the 
respiratory substrate of the soil. The optimal CO2 production rate, “γs0” was determined using the 
CO2 efflux from the soil surface measured during the summer season. The parameter of the depth 
dependent coefficient, “a”, which describes a profile of respiratory substrate, was determined 
from a measured profile of the dissolved organic carbon (DOC). For the model validation, the 
soil CO2 concentrations, soil water contents, and soil temperatures were continuously monitored 
for approximately half a year at three different depths. Seasonal and daily changes in soil water 
contents and soil temperatures, which both affect the production and transport of soil CO2, were 
well described with the SOILCO2 model. Simulated behavior of the soil CO2 concentration, such 
as seasonal variations and responses to rainfall, agreed well with the observed values, especially 
in upper layers.  
 
The model tended to overestimate the soil CO2 concentration in deeper layers when an 
experiment-based parameter “a” was employed, although soil water contents and temperatures 
were properly predicted. It may be because labile DOC tends to degrade rapidly and some of the 
DOC present in deeper layers could have been leached from the surface and not highly labile.  
We concluded that the soil CO2 dynamics in arable bare land could be predicted well using the 
SOILCO2 model. To improve simulation results of CO2 concentrations, especially in deeper 
layers, it may be necessary to consider the relationship between the water extractable DOC 
(WEDOC) and the biodegradable DOC (BDOC) in soil.  
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