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Abstract 
 
The standard version of the UNSATCHEM module (Šimůnek et al., 2012) of HYDRUS (2D/3D) 
(Šimůnek et al., 2008) assumes that the spatial distribution of carbon dioxide concentrations is 
constant in time. This report documents the carbon dioxide transport and production module that 
has been added to this standard version of the UNSATCHEM module. The module considers 
diffusion of CO2 in both liquid and gas phases and convection of CO2 in the liquid phase. The 
gas transport equation accounts for production of CO2 and uptake of CO2 by plant roots associated 
with root water uptake. The CO2 production model considers both microbial and root respiration, 
which are dependent on water content, temperature, and plant and soil characteristics. The new 
module is developed so that it can be run directly from the HYDRUS (2D/3D) graphical user 
interface (Šejna et al., 2011; Šimůnek et al., 2011). The updated UNSATCHEM module was tested 
using multiple examples, one of which is described in this report. 
 
 
 
Citation:  
Šimůnek, J., Implementation of the Carbon Dioxide Transport and Production into the 
UNSATCHEM Module of HYDRUS (2D/3D), HYDRUS Software Series 7, Department of 
Environmental Sciences, University of California Riverside, Riverside, CA, 24 pp., June 2015. 
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1. Carbon Dioxide Transport and Production 
 

1.1. Governing CO2 Transport Equations 
 
It is assumed that the CO2 transport in the unsaturated zone can occur in both the liquid and gas 
phases. Furthermore, it is assumed that the CO2 concentration in the soil is governed by two 
transport mechanisms (Patwardhan et al., 1988), convective transport in the aqueous phase and 
diffusive transport in both gas and aqueous phases, and by CO2 production and/or removal. The 
two-dimensional CO2 transport is then described by the following mass balance equation: 
 

 ( )
i i i

T
da dw cw w

i

c = - J + J + J - Sc + P
t x

∂ ∂
∂ ∂

 (1) 

 
where Jda describes the CO2 flux caused by diffusion in the gas phase [LT-1], Jdw the CO2 flux 
caused by dispersion in the dissolved phase [LT-1], and Jcw the CO2 flux caused by convection in the 
dissolved phase [LT-1]. The term cT is the total volumetric concentration of CO2 [L3L-3] and P is the 
CO2 production/sink term [L3L-3T-1].  The term Scw represents the dissolved CO2 removed from the 
soil by root water uptake, i.e., when plants take up water the dissolved CO2 is also removed. The 
individual terms in (1) can be defined (Patwardhan et al., 1988; Šimůnek and Suarez, 1993) as: 
 

 

i

i

i

a a
da a ij

j

w w
dw w ij

j

cw i w

cJ = - D
x
cJ = - D
x

J = q c

θ

θ

∂
∂

∂
∂

 (2) 

 
where cw and ca are the volumetric concentrations of CO2 in the dissolved phase and gas phase [L3L-

3], respectively, Dij
a is the effective soil matrix diffusion coefficient tensor of CO2 in the gas phase 

[L2T-1], Dij
w is the effective soil matrix dispersion coefficient tensor of CO2 in the dissolved phase 

[L2T-1], qi is the soil water flux [LT-1], and θa and θw are the volumetric air and water contents [L3L-

3], respectively. 
 
The total CO2 concentration, cT [L3L-3], is defined as the sum of CO2 in the gas and dissolved 
phases: 
 
 T a a w wc = c + cθ θ  (3) 
 
After substituting (2) and (3) into (1) we obtain: 
 

 ( ) a wa a w w a w i w
a ij w ij w

i j i j i

c +c c c q c= D + D - - Sc + P
t x x x x x

θ θ θ θ
   ∂ ∂ ∂ ∂∂ ∂
      ∂ ∂ ∂ ∂ ∂ ∂   

 (4) 
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The total aqueous phase CO2, cw, defined as the sum of CO2(aq) and H2CO3, is related to the CO2 
concentration in the gas phase by (Stumm and Morgan, 1981): 
 
 

2COw a c ac = RTc K cK =  (5) 
 
where KCO2 is Henry's Law constant [MT2M-1L-2], R is the universal gas constant (8.314 kg m2 s-

2K-1mol-1) [ML2T-2K-1M-1], and T is the absolute temperature [K]. The value of KCO2 as a 
function of temperature was taken from Harned and Davis (1943). Any interaction of dissolved 
CO2 with the solid phase is neglected. 
 
Substituting (5) and the continuity equation which describes isothermal Darcian flow of water in a 
variably saturated porous medium into the CO2 transport equation in a conservative form (4) we 
obtained the advective form of the transport equation 
 

 ( ) a wa a w a c c
a c w a ij w ij c i i

i j i j i i

c c c c K K+ K = D + D - K q q + P
t x x x x x t t x

θθ θ θ θ θ
     ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂

+ − −        ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂    
 (6) 

 
which is further used for the numerical solution. 
 
 

1.2. Effective Dispersion Coefficient 
 
The effective dispersion coefficient in the liquid phase, Dij

w, is defined by analogy with the 
dispersion coefficient for the solute transport as 
 

 ( ) i jw
ij T ij L T w w ij

q q
D D q D D D

q
θ δ θ τ δ= + − +  (7) 

 
where Dw is the molecular diffusion coefficient of CO2 in free water [L2T-1], DL and DT are the 
longitudinal and transverse dispersivities for carbon dioxide [L], respectively, and τw is a tortuosity 
factor in the liquid phase [LL-1]. 
 
The effective diffusion coefficient in the gas phase, Dij

a, is defined as 
 
 a

ij a a a ijD Dθ θ τ δ=  (8) 
 
where Da is the molecular diffusion coefficient of CO2 in air [L2T-1], and τa is a tortuosity factor in 
the gas phase [LL-1].  
 
The tortuosity factors τw and τa are calculated as a function of the water and gas content, 
respectively, using the relationship of Millington and Quirk (1961): 
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 (9) 

 
The temperature dependence of the molecular diffusion coefficients of CO2 in air and water is taken 
from Glinski and Stepniewski (1985). 
 
 

1.3. Initial and Boundary Conditions 
 
The solution of (6) requires knowledge of the initial CO2 concentrations within the flow region, i.e., 
 
 ( , ) ( , ) 0a aic x, z t = c x z                  t =  (10) 
 
where cai is a prescribed function of x and z [L3L-3]. 
 
Two types of boundary conditions (Dirichlet and Cauchy type conditions) can be specified for the 
CO2 transport along the boundary. First-type (or Dirichlet type) boundary conditions prescribe the 
CO2 concentration along a boundary: 
 
 0( , ) ( , , )a ac x, z t = c x z t  (11) 
 
whereas third-type (Cauchy type) boundary conditions may be used to prescribe the concentration 
flux along a boundary: 
 

 0
a wa w

a ij i w ij i i i c a i i c a
j j

c cD n D n q n K c q n K c
x x

θ θ∂ ∂
− − + =

∂ ∂
 (12) 

 
in which qi ni represents the outward fluid flux, ni is the outward unit normal vector, and ca0 is the 
CO2 concentration of the incoming fluid [L3L-3]. In some cases, for example when boundary is an 
impermeable boundary (qini=0) or when water flow is directed out of the region, (12) reduces to a 
second-type (Neumann type) boundary condition of the form: 
 

 0a wa w
a ij i w ij i

j j

c cD n D n
x x

θ θ∂ ∂
+ =

∂ ∂
 (13) 

 
 

1.4. Production of Carbon Dioxide 
 
We assume that the individual CO2 production processes are additive (14) and that it is possible 
to superpose individual processes which reduce production from the optimal value (15) 
(Šimůnek and Suarez, 1993). The production of CO2 is then considered as the sum of the 
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production by soil microorganisms, γs [L3L-3T-1], and that by plant roots, γp [L3L-3T-1], as 
follows: 
 

 s pP = +γ γ  (14) 
 
 0 0      s ps s si p pp p pi

i i

= L f L fγ γ γ γ=∏ ∏  (15) 

 
 ( , ) ( ) ( ) ( )i a

i

f  = f x z f h f T f c∏  (16) 

 

where the subscript s refers to soil microorganisms and the subscript p to plant roots, Π fi is the 
product of reduction coefficients dependent on space location, pressure head (the soil water 
content), temperature, and CO2 concentration (different for plant roots than for microorganisms),  
Lps and Lpp are the widths [L] of the soil surface associated with the CO2 production process by soil 
and microbes, respectively, f(x,z) is the reduction coefficient as a function of depth [L-1], f(T) is 
the reduction coefficient as a function of temperature [-], f(ca) depends similarly on the CO2 
concentration [-], and f(h) on the pressure head (or the soil water content) [-]. The parameters γs0 
and γp0 represent the optimal CO2 production rates by the soil microorganisms or plant roots, 
respectively, for the entire soil profile at 20oC under optimal water, solute and CO2 concentration 
conditions [L3L-2T-1] (Šimůnek and Suarez, 1993). Definitions of the various reduction 
coefficients are given by Šimůnek and Suarez, (1993). 
 
CO2 production generally decreases rapidly with depth because of less root mass and readily 
decomposable organic matter. Glinski and Stepniewski (1985) stated that over 90% of soil 
respiration activity is concentrated in the humus horizon of the soil. Many expressions are 
possible to relate the dependence of the production term fs(z) on soil depth. One example is an 
expression similar to the normalized distribution function β(z) given by van Genuchten (1987) 
for root water uptake. Another possibility is to use again an exponential distribution with depth 
(Raats, 1974): 
 

 
0( )

( , )
-a z -z

s
ps

aef x z =
L

 (17) 

 
where a is an empirical constant [L-1] and z0 is the vertical coordinate of the soil surface [L]. We 
assume that at any time t the dependence of CO2 production by plant roots corresponds to the 
distribution function β(x,z) used for water uptake by plant roots. 
 
The respiration rate of soil microorganisms has been found to decrease at relatively low as well 
as at high water contents. Poor accessibility of soil water causes a reduction in CO2 production in 
relatively dry soils (low pressure heads) (Ekpete and Cornfield, 1965; Wilson and Griffin, 1975). 
The observed reduction of the respiration rate near saturation is explained by the unavailability 
of oxygen because of the high water content and, therefore, its low diffusion rate through the 
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soil. Because of this and consistent with the experimental data of Williams et al. (1972) and 
Rixon (1968), the CO2 reduction coefficient fs(h) as a function of the soil water content for soil 
microorganisms is expressed as 

 

 

2

3
3 2

2 3

3

( ) 1 ( )
log log( ) ( )
log log

( ) 0 ( )

s

s

s

              f h =                    h    h ,+   
 | h | -  | h |f h =      h    h , h  
 | h | -  | h |

                    f h =                 h    - , h       

ε

ε

ε

∞

∞

 (18) 

 
where h2 is the pressure head when CO2 production is optimal [L] and h3 is the pressure head 
when production ceases [L]. Note that no reduction in fs(h) occurs close to saturation for pressure 
heads above h2 [L]. Rather than treating the oxygen stress with a pressure head relation, it seems 
preferable to consider a separate response function f(ca). The dependence of the reduction term 
fp(h) on the pressure head is represented by expressions similar to the reduction function αs(h) 
described in Section 2.2 of the Hydrus manual. 
 
The influence of temperature on chemical processes is described by the Arrhenius equation 
(Stumm and Morgan, 1981). This equation together with the Van 't Hoff equation has been used  
successfully by many authors to represent the influence of temperature on soil and root CO2 
production. Assuming that f(T)=1 at temperature T20=293.15 K (20oC), the temperature reduction 
coefficient can be expressed as 
 

 20

20

( )( ) exp E T - Tf T =   
RTT

 
 
 

 (19) 

 
where T is absolute temperature [K] and E the activation energy of the reaction [ML2T-2M-1]. 
The use of the term "reduction coefficient" for f(T) may seem inappropriate since this coefficient 
is greater than 1 for temperatures above 20oC. We use the term to characterize the change in 
production with temperature, with values greater than 1 above 20 oC and less than 1 below 20 oC. 
 
The dependence of CO2 production on its own concentration (actually O2 deficiency) can be 
expressed with the Michaelis-Menton equation (Glinski and Stepniewski, 1985) 
 

 

2

max

1 M

O

qq = K+
c

 (20) 

 
where KM is the Michaelis constant [L3L-3], i.e., the oxygen concentration, cO2, at which oxygen 
uptake is equal to 1/2 qmax, and where q is the oxygen uptake rate and qmax is the maximum 
oxygen uptake rate [L3L-3T-1]. Assuming that the respiratory quotient is equal to unity, then the 
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Michaelis constant for the CO2 concentration is given by KM
*= 0.21-KM, while ca = 0.21 - cO2, in 

which case the reduction coefficient is given by 
 

 2

2

*

0.21( )
0.42

O a
a

O M a m

c - cf = =c c + K - c - K
 (21) 

 
Disadvantage of this expression is that if ca=0 the value for f(ca) is not equal to one. The values 
for the optimal production rates γp0 and γs0 must therefore be adjusted accordingly. 
 
Finally, the actual CO2 production rate, PT [L3L-2T-1], is obtained by integrating the CO2 
production rate throughout the entire soil profile as follows 
 

 
0

0

( , ) ( , , ) ( , , ) ( , , )

( , ) ( , , ) ( , , ) ( , , )

T ps s s s s s a

pp p p p p p a

P L f x z f x z h f x z T f x z c dx

L f x z f x z h f x z T f x z c dx

γ

γ

= +

+

∫
∫

 (22) 

 
Comprehensive reviews of the selection of the values for optimal CO2 production, as well as 
coefficients for particular reduction functions, were given by Suarez and Šimůnek (1993) and 
Šimůnek et al. (1996). 
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2. Implementation into the HYDRUS (2D/3D) GUI 

 
The carbon dioxide module (h2d.unsc.exe) has to be run outside of the HYDRUS (2D/3D) GUI. 
However, the HYDRUS (2D/3D) GUI can be used to prepare input and display output of this 
module, similarly as for the standard HYDRUS module. However, one needs to select solute 
transport with a single solute, so that one can specify initial conditions for the CO2 module. Note 
that the initial solute concentration is interpreted by the module as the initial CO2 concentration. 
The solute transport parameters are irrelevant, since they are not read in; they are skipped when 
the Selector.in file is read. The input for the CO2 module is given in the CO2.in text file 
(described below), which needs to be created manually and placed into the Working Folder. The 
CO2 output is printed in the same format and locations in the output files (e.g., ObsNod.out, 
Solute1.out, Conc1.out) as if solute transport for one species is simulated. Some of the variables 
are reinterpreted as discussed below. 
 
The h2d_unsc.exe file has to be run outside of the HYDRUS (2D/3D) GUI (see FAQ4). When 
the standard h2d_unsc.exe is run directly from the Hydrus GUI, the GUI will send it as 
a parameter the path to the folder, in which the input and output files are located (the working 
folder; the path to the working folder is displayed in the project manager). When the program is 
run outside of the Hydrus GUI (as it must in this case), it does not receive a path as a parameter 
and it will look for the text file called Level_01.dir that needs to be located in the same folder as 
the computational module. This file can be written using any text editor, such as Notepad. This 
file must have one line, which provides the path to the (working) folder, in which the input and 
output files are located. 
 
Note that currently, the carbon dioxide module cannot be run simultaneously with the major ion 
chemistry module, mainly because of the organization of input and output in the GUI.  
 
 
 
 

 

http://www.pc-progress.com/en/Default.aspx?hydrus-faq�
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3. Description of the CO2.in Input File 
 
The CO2.in file provides information for the carbon dioxide transport and production module. 
 
-------------------------------------------------------------------------------------------------------------------- 
Record Type Symbol Description 

-------------------------------------------------------------------------------------------------------------------- 
1,2  -  - Comment lines. 

3 Real CO2Par(1,M) Molecular diffusion coefficient of CO2 in air at 20oC, Da [L2T-1]. 
3 Real CO2Par(2,M) Molecular diffusion coefficient of CO2 in water at 20oC, Dw [L2T-1]. 
3 Real CO2Par(3,M) Longitudinal dispersivity of CO2 of material M, DL [L]. 
3 Real CO2Par(4,M) Transverse dispersivity of CO2 of material M, DT [L]. 

 Record 3 is provided for each material M (from 1 to NMat). 

4  -  - Comment line. 

5 Real gamR0 Optimal CO2 production by plant roots for the whole soil profile at 20oC 
under optimal water, solute, and CO2 concentration conditions, γr0 [L3L-2T-1]. 

5 Real gamS0 Optimal CO2 production by soil microorganisms for the whole soil profile at 
20oC under optimal water, solute, and CO2 concentration conditions, γs0   
[L3L-2T-1]. 

6  -  - Comment line. 

7 Real B1 Activation energy of the CO2 production by plant roots, E1 [ML2T-2M-1], 
divided by universal gas constant, R [ML2T-2K-1M-1]; B1=E1/R [K]. 

7 Real B2 Activation energy of the CO2 production by soil microorganisms, E2 [ML2T-

2M-1], divided by universal gas constant, R [ML2T-2K-1M-1]; B2=E2/R [K]. 
7 Real cM1 Michaelis' constant of the CO2 production by plant roots [L3L-3]. It is equal to 

the CO2 concentration at which the CO2 production is reduced by half from 
the optimal value γr0. 

7 Real cM2 Michaelis' constant of the CO2 production by soil microorganisms [L3L-3]. It 
is equal to the CO2 concentration at which the CO2 production is reduced by 
half from the optimal value γs0. 

7 Real HB1 Value of the pressure head for which the CO2 production by soil 
microorganisms is at the optimal level [L]. 

7 Real HB2 Value of the pressure head below which the CO2 production by soil 
microorganisms ceases [L]. 

8  -  - Comment line. 

9 Real AlphaP Empirical constant for the exponential function which describes the spatial 
distribution of the CO2 production by soil microorganisms [L-1]. 

9 Real z0 z-coordinate of the maximum CO2 production by soil microorganisms [L].  
Usually equal to the z coordinate of the soil surface. 

9 Real WidthP Width of the soil surface associated with the CO2 production by soil 
microorganisms [L]; represents surface area [L2] in case of axisymmetrical 
flow. Set WidthP equal to zero for problems without CO2 production by soil 
microorganisms. 

10  -  - Comment line. 

11 Real COBound(1) Value of the first time-independent CO2 boundary condition [L3L-3]. Set equal 
to zero if no KodCOB(n)=±1 is specified. 

11 Integer COBound(2) Value of the second time-independent CO2 boundary condition [L3L-3]. Set 
equal to zero if no KodCOB(n)=±2 is specified. 
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.  .  .   . 

.  .  .   . 
11 Integer COBound(6) Value of the sixth time-independent CO2 boundary condition [L3L-3]. Set 

equal to zero if no KodCOB(n)=±6 is specified. If there are internal sources 
specified, then COBound(6) is automatically applied as CO2 concentration of 
water injected into the flow region through internal source. 

-------------------------------------------------------------------------------------------------------------------- 
 
 
Example of the CO2.in file for the UnsatChem Module: 
 
*** BLOCK G: CARBON DIOXIDE TRANSPORT INFORMATION ********************** 
      DispA       DispW          Dl          Dt 
    13737.6       1.529         1.5         0.5 
    13737.6       1.529         1.5         0.5 
    13737.6       1.529         1.5         0.5 
      GamR0       GamS0 
       0.28        0.42 
         B2          B1         cM2         cM1         HB1         HB2 
       6014        6677        0.14        0.19        -100     -1e+008 
      Alpha         ZP0       Width 
      0.105         170           1 
    cBound(1..6) 
    0.00033  0  0   0   0   0 
KodCO2B(1),KodCO2B(2),.....,KodCO2B(NumBP) 
  1   1  -1  -1  
*** END OF INPUT FILE 'SELECTOR.IN' ************************************ 
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4. Description of the Output Files 
 
The CO2 concentrations are printed into the same files and using the same format and locations 
in the output files as solute concentrations when solute transport for one species is simulated. 
Some of the variables are reinterpreted as discussed below.  

1. For example, the spatial distribution of CO2 concentrations is printed into the Conc1.out 
output file and can be displayed using the command "Results - Graphical Display-
>Concentration".  

2. The CO2 concentrations at observation nodes are printed into the ObsNod.out output file 
and can be displayed using the command "Results - Other Information->Observation 
Points" and variable "Concentration".  

3. Actual and cumulative CO2 production, as well as CO2 boundary fluxes are printed into 
the CO2Flux.out and Solute1.out output files and can be displayed using the command 
"Results - Other Information->Solute Fluxes". In this graph, the Actual CO2 Production 
rate is displayed instead of "Cumulative Zero-Order Reaction", Cumulative CO2 
Production is displayed instead of "Cumulative First-Order Reaction". 

4. Total amount of CO2 and the mean CO2 concentration in the transport domain are printed 
as CO2Vol [L3/L] and CO2Mean [L3/L3] variables into the Balance.out output file. 

 
 Brief description of these files is in the Hydrus manual. 
 
 

4.1. Description of the CO2Flx.out Output File 
 
t Simulation time [T] 
Prod Actual CO2 production rate in the transport domain [L2T-1] 
cProd Cumulative CO2 production over the entire transport domain [L2] 
CumCO(i) Cumulative CO2 boundary fluxes across different boundaries (i=1,NumKD) [L2] 
 
 



HYDRUS (2D/3D), Carbon Dioxide Production and Transport in Soils 

   18 



HYDRUS (2D/3D), Carbon Dioxide Production and Transport in Soils 

   19 

5. Test Example - Missouri Experiment 
 
This example is loosely based on the Missouri experiment published by Buyanovsky and Wagner 
(1983) and Buyanovsky et al. (1986). The same dataset was also used as a demonstrative example 
by Suarez and Šimůnek (1993), who gave experimental details, data and model interpretation of this 
experiment. 
 
The simulation starts at the beginning of March (the first month with positive air temperatures) and 
terminates at the end of October. Buyanovsky and Wagner (1983) presented data for daily 
precipitation and average weekly air temperatures, as well as CO2 concentrations in the soil air, soil 
water content and soil temperature at the 20 cm depth. From the air temperatures we calculated 
values of potential evapotranspiration using Thornthwaite's formula (de Marsily, 1986). 
Buyanovsky and Wagner (1983) reported the textural characteristics of their Mexico silt loam as 
well as organic matter content, bulk density, and air porosity at field capacity. After inspection of 
these data we divided the soil profile into three horizons: A, B1 and B2.  Since we did not have the 
hydraulic characteristics of this soil we used the mean textural characteristics and the linear 
regression equations reported by Rawls et al. (1982) to obtain the soil water contents at 10 different 
soil water pressure heads. These data were then used to determine regression parameters of the 
retention equation by nonlinear least-square curve fitting (van Genuchten, 1978). The calculated 
retention curves were scaled in order to insure that they correspond to the porosity calculated from 
the data on bulk density and specific density and to the measured air porosity at field capacity 
(Buyanovsky and Wagner, 1983). Since the HYDRUS (2D/3D) does not consider root growth, we 
assumed that the rooting depth was constant and equal to 70 cm. The roots were assumed to be 
distributed uniformly in the root zone. 
 
A relatively wet soil profile with a constant pressure head of -1.0 m was used as the initial condition.  
The lower boundary condition was taken as free drainage at a depth of 1.7 m. Figure 1 shows the 
water content at depths of 20, 70, and 170 cm as simulated by the model. 
 
Since the Mexico silt loam has a high clay content (from 22 to 53 %), we used the parameters for 
the thermal conductivity from Chung and Horton (1987) for clay (b1=-0.197, b2=-0.962, and 
b3=2.521 Wm-1K-1).  The measured air temperature was taken as the upper boundary condition with 
a daily amplitude of 5 oC. A zero temperature gradient was used as the lower boundary condition.  
Calculated temperatures at depths of 20, 70, and 170 cm are shown in Figure 1. 
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Figure 1. Simulated water contents (left) and temperatures (right) at depths of 20, 70, and 170 cm for the 

Missouri wheat experiment. 
 
The initial volumetric CO2 concentration was constant at 1% at most depths, except close to the soil 
surface where it linearly decreased to 0.035%. The lower boundary condition for CO2 transport was 
zero flux. The upper boundary condition at the soil surface was constant CO2 concentration at the 
atmospheric value of 0.035%. Figure 2 shows calculated CO2 concentrations at depths of 20, 70, 
and 170 cm. The irregular pattern of the CO2 concentrations shown in Figure 2 reflects the fact that 
within the dry periods (first half of May, second half of July and all of October), the CO2 
concentrations decrease to very low values, while during the wet periods the CO2 concentrations are 
relatively high. 
 

 
Figure 2. Simulated CO2 concentrations at depths of 20, 70, and 170 cm for the Missouri wheat experiment. 

 
Figure 3 shows the calculated CO2 production rates and actual CO2 fluxes to the atmosphere. The 
large fluctuations shown in Figure 3 indicate that the accurate determination of CO2 fluxes requires 
an excessive number of measurements if the surface water content is rapidly changing, as occurs 
with frequent water applications. Figure 4 shows the calculated cumulative CO2 production and 
CO2 flux to the atmosphere.  
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Figure 3. Simulated CO2 production rates and CO2 fluxes to the atmosphere for the Missouri wheat 
experiment. 

 
 
 

 
Figure 4. Simulated cumulative CO2 production (a blue line) and CO2 flux to the atmosphere (a red line) for 

the Missouri wheat experiment. 
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