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Soil Surface Wetting Effects on
Gradient-Based Estimates of Soil
Carbon Dioxide Efflux

Jun Fan* and Scott B. Jones

The gradient method is widely used in conjunction with Fick's Law to estimate
emissions of soil CO,. This requires accurate estimation of the soil gas diffusion
coefficient (Dp) and the CO, concentration gradient, typically from mea-
sured water content and CO, concentration. Shallow application of water
via precipitation or irrigafion causes a temporary reduction in the near-
surface soil gas diffusion coefficient, which compromises gradient-based
flux estimates when undetected by a water content sensor. Our objectives
were fo analyze the effects of soil surface wetting and tfemperature on CO,
concentration and efflux using laboratory and field measurements and to
compare four widely used models for estimating Dp. A laboratory test was
conducted to determine the effects of water application on the soil CO,
concentration and the CO, efflux calculated with the gradient method. The
Dp parameter was very sensitive fo the soil water content and was most reli-
ably calculated using a power function model in a Millville silt loam field sail,
while both power function and SAPHIR models were similarly reliable in a
Kidman fine sandy loam laboratory test. A single CO, sensor at a depth of 5
cm with water content monitored at 2.5 cm provided reasonable estimates
of the soil CO, efflux validated with an automated chamber. We found that
under most conditions, the CO, concentration gradient in the soil profile is
a reasonable estimator of CO, flux when measurements of the soil water
content and known porosity values are used fo estimate the gas diffusion
coefficient. However, shallow wetting events require improved monitoring of
spatial and temporal changes near the surface or appropriate modeling of
hydrodynamics there.

Abbreviations: DOY, Day of the Year; EF, Nash-Sutcliffe efficiency coefficient;
SAPHIR, Soil Air Phase Individual Resistances; SWLR, substrate-dependent water-
induced linear reduction.

Soil respiration and soil surface CO, efflux have been studied widely. However, fur-
ther research into spatiotemporal variations in these parameters and new methods for their
measurement are still needed to improve our understanding of the mechanisms affecting
gas dynamics and to accurately quantify their variation during soil respiration. Soil CO,
fluxes have been studied extensively using diverse methods, although it is widely accepted
that chamber-based methods are the most appropriate of the available options for use
in field studies (Rochette and Hutchinson, 2005). Methods of this kind can be used to
investigate spatial variability using portable surface chambers, and the development of
automated chamber systems has made it possible to acquire measurements on a continu-
ous basis to study temporal and spatial variations in soil respiration (Bauer et al., 2011).

Many of the previous studies on this topic were based on manual CO, soil chamber mea-
surements that often failed to capture fluxes from consecutive days, night measurements,
and precipitation events (Vargas ct al., 2010). New techniques for the continuous monitor-
ing of soil gas efflux have been developed on an ongoing basis (Risk et al., 2011) to meet
the need for methods with high accuracy and low cost. Moreover, the creation of process
models such as that described by Pumpanen et al. (2008) or Hydrus-1D (Fan etal., 2012)
has been encouraged to improve our understanding of CO, effluxes and to facilitate the

quantitative interpretation of experimental data. However, a critical mass of continuously




measured data will be required to validate these new methods
and identify their limitations. In situ gradient-based methods for
monitoring soil respiration have recently been improved and hold
considerable promise as tools for assessing soil respiration. They
enable long-term monitoring of CO, output without substantial
disturbance of natural CO, concentrations and can thus provide
detailed information on subsurface CO, dynamics (Tang et al.,
2003, 2005; Liang et al., 2004; Turcu et al., 2005; Jassal et al.,
2005; Yasuda et al., 2008; Maier et al., 2010; Arevalo et al., 2010).

The key parameters that affect the data obtained using gradient
approaches are the CO, concentration and the soil gas diffusion
coefficient (Dp). Many methods have been proposed for estimating
Dy, (Millington and Quirk, 1961; Thorbjorn et al., 2008; Moldrup
etal., 2013). Generally, Dpisa function of the soil water content
because gas transport occurs primarily through air-filled soil pores.
Highly structured soils can complicate the water content—gas dif-
fusion relationship (Kochler et al., 2010), often exhibiting dual pore
systems leading to bimodal diffusion coefficients (Blonquist et al.,
2006; Chamindu Deepagoda et al., 2012). Diffusivity—water con-
tent relationships in the field were significantly different from those
in the laboratory because of soil disturbance or moisture content
levels, which cause discrepancies using diffusivity models (Risk et
al.,2008). Furthermore, brief periods of precipitation or irrigation
pulses can temporarily increase the water content of the near-surface
layer, thereby reducing Dp, without affecting the soil water content
(and thus the Dy, value) for the soil layers just below the wetted
zone, potentially undetected by water content sensors buried there.
Such events may therefore trigger soil respiration in the near-surface
zone without impacting respiration activity at greater depths. The
usefulness of Fick’s Law for predicting soil surface CO, effluxes is
based on the assumptions of quasi-steady-state conditions and also
depends on how well the measured CO, concentration gradient
represents the driving concentration gradient for CO, efflux across

the plane of the soil surface (Billings et al., 1998).

DeSutter et al. (2008) used three methods (a curve-fitting approach,
linear regression, and finite difference analysis between discrete
depths) to estimate the vertical CO, concentration gradient in
soil based on measured CO, concentrations and estimates of soil
water content. These methods for determining the CO, gradient
were used in conjunction with three methods for determining Dy,
to estimate the CO, efflux using Fick’s Law. When linear regres-
sion was used to compute the slope of the vertical concentration
gradients, the flux estimates obtained for periods during and
immediately after rainfall events were unreliable because during
such periods, the concentration gradient and diffusivity both
become very nonlinear. Pumpanen et al. (2008) also found that
gradient-based CO, flux estimates of this type are useful only
during periods when the soil water content is not changing rapidly.
Tang et al. (2003) obtained good agreement between the results
obtained using the gradient method and chamber measurements

in cases where no precipitation occurred during the measured

period. Pingintha et al. (2010) reported that the gradient method
can yield acceptable results if an appropriate relative gas diffusion
coefficient is selected in cases where no precipitation events are
involved. However, the distribution of brief and extended precipi-
tation events is likely to affect the relative magnitude of the pulsed
CO, flux and also its direction (Deng et al., 2011). Unlike the
relationship between soil temperature and respiration, the influ-
ence of soil moisture on soil C stocks has received relatively little
attention despite its important role in regulating soil respiration
(Liu et al., 2009). Therefore, Falloon et al. (2011) argued that fur-
ther research is needed to obtain a better understanding of the soil

moisture—respiration rclationship.

One of the more challenging aspects of implementing gradi-
ent-based gas flux measurements is dealing with the impact of
short-term, near-surface wetting events. During such events, the
initial wetting of the surface and topmost soil layers is followed
by a gradual downward redistribution of the water. However, the
high water content of the upper soil layers during the event and
its immediate aftermath cause significant short-term reductions
in their gas diffusivity values, which are underestimated by soil
moisture sensors located at greater depths. We therefore suggest
that most soil moisture measurement efforts do not place adequate
emphasis on monitoring changes in the moisture level, tempera-
ture, and nutrient levels in the near-surface layer (i.c., the layer at
depths of <1 cm) that are associated with wetting events, resulting

in a general overestimation of gas fluxes.

We conducted experiments to obtain a better understanding
of the relationship between soil wetting depth and CO, efflux.
Our objectives were to analyze the effects of soil surface water
application in addition to soil temperature on the subsurface
concentration and surface efflux of CO, using laboratory and
field measurements. We also wanted to compare four widely used
models for estimating soil gas diffusion coefficients comparing gra-
dient-based estimates of eflux with chamber-based values. While
gradient-based methods for CO, and other soil gas emissions have
been commonly applied in the field, few have paid attention to
the near-surface wetting impacts on those gas flux estimates. In
this study, we focused on the effects of surface water application
on the subsurface soil CO, concentration and resulting CO, flux
estimates to point out errors associated with these conditions. The
gradient-based results obtained were compared with those from
the surface chamber methods in the laboratory. We also evaluated
the chamber method in the field and compared the results using

four different diffusion coefficient models.

Materials and Methods

Theoretical Considerations

The surface CO, flux (F, jmol m~2571) from the soil was com-
puted using Fick’s first law of gas diffusion, which depends on the
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measured mole fraction of CO, in the soil, C (jumol mol 1), at
a given sensor depth, z (m), and that at the surface, assuming a
constant atmospheric CO, concentration of C'= 380 jumol mol~!

and a depth of z = 0:

dC AC
F=-D, %~ p,2% 1
P dz P Az 1)

While a constant atmospheric CO, concentration was assumed for
convenience, it should be noted that this assumption is not always
valid. However, the variation is generally minor and has a minor
effect on the results obtained. The water content within the soil
layer was measured to provide information on the soil gas diffusiv-
ity, D), (m?s71), which was estimated using four different empirical
models. The soil layer thickness is Az (m), and AC (jumol m=3) is
the difference in the gas concentrations of the two soil layers being

compared. The first model tested for calculating D}, was

Dp = Dye* (2]

where € is the air-filled porosity of the soil (cm? cm™2) and D,
(m?s71) is the diffusivity of CO, in free air. This function was first
suggested by Buckingham (1904), who stated that the empirical
parameter X can vary between 2 and 2.5 (Moldrup et al., 2005).

The second tested model is known as the Soil Air Phase Individual
Resistances (SAPHIR) model and has the following form:

DP — DO€1+p+w9 [3]

where p is a particle shape factor that takes a value between 0 and
1, w is a water-blockage factor that takes a value between 1 and 7
(Thorbjorn et al., 2008), and 6 (cm? cm™3) is the average soil water

content for the soil layer in question.

The third model tested was that of Millington and Quirk (1961):

(103
Dy =D, 7 (4]
where o is the total soil porosity (cm? cm™3).

The fourth tested model, referred to as the structure-dependent
water-induced linear reduction (SWLR) model, has the follow-
ing form:

Dy = D16 [i] 5]

where C_ is the media complexity factor, for which Moldrup et
al. (2013) recommended C,_, = 1 for repacked soil conditions and
C,, = 2.1 for intact soil conditions. The total porosity of the soil
was computed as

b=1— Po g (6]
Pm

where py is the soil’s bulk density (g ecm™3) and p o is the density

of the solid particles within the soil (i.e., 2.65 g cm™3). The effects

of temperature and pressure on D, can be corrected for using the

following expression:
175

T P,

7,] P

where T'is the temperature (K), Pis the air pressure (Pa), and D is
a reference value of Dy at 7}y (293.15 K) and P, (1.013 x 105 Pa);
for CO,, itis equal to 1.47 x 107> m? 571 (Jones, 1992).

Laboratory Soil Column Experiments

A soil column uniformly packed to a bulk density of 1.48 g cm™>
with Kidman fine sandy loam soil (a coarse-loamy, mixed, superac-
tive, mesic Calcic Haploxeroll) was used to study the relationship
between soil water dynamics and CO, efflux in the laboratory
(Fig. 1). The soil texture is listed in Table 1. A similar system was
used by Turcu et al. (2005) for preliminary testing of the gradi-
ent method. Five CO, sensors (GMM 220, Vaisala Corp.) and
thermocouples were placed at depths of 5, 10, 15, 30, and 45 cm
beneath the soil surface, and time domain reflectometry (TDR)
sensors for measuring the water content were installed at depths

Co,
Analyzer

Surface
Chamber

CO, sensors,
thermocouples

0O, sensors

Leachate
outlet

Fig. 1. The laboratory experimental setup showing the surface CO,
chamber along with five subsurface CO, sensors and thermocouples
located at depths of 5, 10, 15, 30, and 45 cm beneath the Kidman fine
sandy loam soil surface and seven time domain reflectometry probes
(at back of column) for water content determination installed at depths
of 2.5,7.5,12.5, 17.5, 22.5, 27.5, and 37.5 cm. Leachate was collected
from a suction lysimeter located at the bottom of the column.
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Table 1. Physical characteristics of soils used in the laboratory (Kidman
fine sandy loam) and in the field (Millville silt loam) studies.

Bulk  Organic  Soil

Soil Sand  Silt  Clay density matter  porosity
75 g cm™3 %

Kidman fine sandy loam 84 8 8 148 1.0 0.44

Millville silt loam 24 60 16 137 25 0.48

0f2.5,75,12.5,17.5,22.5, 275, and 37.5 cm. In addition, a pres-
sure sensor (SB-100, Apogee Instrument Inc.), a thermocouple,
and a GMM222 CO, sensor (range 0-2000 p.mol mol ™! + 1.5%,
reading accuracy £2%) were positioned near the column’s surface
to measure the ambient air pressure, temperature, and CO, con-
centration in the laboratory. The TDR waveforms were measured
using a TDR100 sensor connected to an SDMX50 multiplexer
(Campbell Scientific). The TDR100 and other sensors men-
tioned above were connected to a CR1000 datalogger (Campbell
Scientific) for data retrieval and storage. A LI-COR long-term
CO, flux chamber (LI-8100-101) was used to measure the surface
Cco, flux from the soil column on an hourly basis, and the col-
umn’s initial soil water content was 0.03 cm? cm™3. The LI-8100
instrument is an absolute, nondispersive infrared (NDIR) gas
analyzer with a measurement range of 0 to 3000 pLmol mol~!
and a reading accuracy of 1.5%. Surface irrigation was applied
by dripping an amount of water equivalent to 10 or 50 mm of
precipitation onto the soil surface at defined intervals. Nutrition
(1 g of glucose) was added to the irrigation water on Days 46 and
69 to enhance the rate of respiration by the soil microorganisms
in the column to modify the CO, concentration in the soil profile.
Starting on Day 142, 200 cm water head suction was applied to
the bottom of the soil column to withdraw leachate-containing
water. This was done to maintain the porosity of the soil and avoid

saturation of the lower parts of the column.

Field Test

The field study was conducted in Logan, UT, at the Utah
Agricultural Experiment Station’s Greenville Farm (41°46'1” N
and 111°48/40” W). The farm receives a mean annual precipitation
of 422 mm and its mean annual temperature is 8.6°C. The site
thus has a xeric soil moisture regime and a mesic soil temperature
regime. The soil at the Greenville Farm is of the Millville series
(coarse-silty, carbonatic, mesic Typic Haploxerolls), and its pH is
8.2 because of the wide dissemination of CaCOj at the site (Table
1). The study was conducted within an established 10- by 10-m
pasture research plot with automated irrigation and TDR probes
and temperature sensors installed. Both chamber and gradient
methods were used to determine the CO, efflux within the plot.
The soil water content was measured with TDR probes at depths
of 5,10, and 15 cm using a Tektronix 1502B instrument with the
WinTDR software package. The soil temperature was measured

using thermocouples located at the same depths.

Carbon Dioxide Subsurface Flux
Measurement: The Vaisala Probe

Calculation Method

Soil subsurface CO, concentrations were measured using a
GMM222 series CO, sensor (Vaisala Corp.), an absolute NDIR
gas analyzer that was calibrated for CO, concentrations of 0 to 1%.
The 0- to 2.5-V output was recorded with a CR1000 datalogger
(Campbell Scientific), and the barometric pressure was measured
using an SB-100 pressure sensor (Apogee Instrument Inc.). Two
GMP222 analyzers were inserted vertically into 1.9-cm (3/4 inch)
polyvinyl chloride sleeves, one to a depth of 5 cm and the other to
adepth of 15 cm. Pressure and temperature compensation factors
(Tanget al., 2003) were computed using

C.=C,—Cr—Cp (8]

where C is the CO, concentration in pmol mol~1, and the sub-
scripts ¢, 72, T, and P stand for corrected, measured, temperature
correction, and pressure correction;
P—-101.3
Cp=Kp|—— 9
P [ 101.3 ] o)
where P is the measured pressure (Pa), and the pressure coefficient
Kpis equal to 1.38C _;

C

25

[10]

Cr =14,000( K1 —K%)[ZS_T ]

where 7_is the temperature (°C), and the temperature coeflicient
is given by

Kp=Ag+AC, +A,C2+AC [11]

where 4y =3 x 1073, 4; = 1.2 x 107, 4, = -1.25 x 107, and
Ay=6x 10714,

Carbon Dioxide Surface Flux Measurement:
The LI-COR Chamber Method

The soil surface CO, flux was measured directly at 60-min inter-
vals using the LI-8100-101 long-term CO, chamber (LI-COR).
The chamber closure duration was 120 s during flux measurement,
and a linear model was used to calculate the CO, flux values.

Model Performance Evaluation and
Parameter Fitting

The Nash-Sutcliffe model efficiency coefficient (EF) was used
to assess the predictive power of the gradient method, and the
root mean square error (RMSE), a commonly used criterion for
model validation, was used to quantify the agreement between
the chamber measurements and gradient estimates. The
gradient results were inverted to identify appropriate param-

eters, and the calculated RMSE was used to identify optimal
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parameters for use with the empirical soil
gas diffusivity models.

Results and
Discussion

In the following we present soil CO, flux
results using both gradient-based estimates
as well as closed-chamber measurements.
These were made first in a laboratory column
experiment performed in a Kidman fine
sandy loam soil, followed by a field experi-
ment conducted in a Millville silt loam soil.

Laboratory Soil Column
Experiment

Surface Wetting Effects on
Subsurface Carbon Dioxide
Concentration Dynamics
Periodic surface wetting events of 10 and
50 mm were applied to the initially dry
soil column surface. Figure 2 shows how
the soil water content varied during the
experiment, demonstrating the progress of
the wetting front as a function of time. The
CO, concentration increased with depth
in parallel with the movement of the wet-
ting front following each wetting event.
The temperature profile within the column
was relatively stable; the mean tempera-
ture was 25.1°C and varied from 20.4 to
29.3°C, with periodic fluctuations when the
laboratory air temperature increased. The
standard variation was 1.5°C in the whole
column during the experimental period.
During the first 25 d of the experiment,
the lower levels of the column remained
relatively dry despite frequent applications
of water, and there appeared to be a lower
boundary beyond which the wetting front
did not progress. Under these conditions,
there was a relatively uniform increase in
the CO, concentration throughout the
column profile due to the low gas diffusiv-
ity near the column’s surface. For example,
after 10 d, the wetting front had reached a
depth of approximately 20 cm but the CO,
concentration remained uniform down to
a depth of 45 cm. Once the wetting front
had reached the depth of the lowest sensor,
no additional water was applied during the

next 20 d, resulting in the formation of an

CO2 efflux (pmol m'zs'l) Depth (cm) Temperature (°C) Depth (cm)

CO7 efflux (pmol m‘zs'l)

Fig. 2. Temporally varying soil water content profiles (cm® cm™3) interpolated between seven
time domain reflectometry sampling depths, showing (a) the timing of the water pulses, (b) soil
temperature profiles, (c) soil CO, concentration profiles (jumol mol~!) interpolated between five
subsurface CO, sensor locations in addition to one measurement in air, (d) soil CO, efflux profiles
estimated using different methods, and (¢) CO, fluxes at different soil depths. The CO, flux was
calculated using a gradient-based approach using the ambient CO, concentration in the laboratory
and the measured CO, concentrations at depths of 5, 10, and 15 cm using a power model for the
soil gas diffusion coefhicient D}, where the empirical parameter X = 1.95 (Moldrup et al., 2005).
Nutrient solutions were applied to the soil surface on Days 46 and 69.

s
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almost linear CO, concentration gradient throughout the column

profile. Once the water had reached the deep layers of the soil, it
became possible to change the soil’s water content profile, mean-
ing that the upper soil layers exhibited greater variations in CO,

concentration than did the deeper layers due to the periodic appli-
cation of additional water and evaporation. The CO, concentration

gradients were always created by the application of additional water
pulses (Fig. 2¢), and deeper layers had greater CO, concentrations

than the upper layers. The average CO, concentrations at depths of
S, 10, 15, 30, and 45 cm were 1223.5, 1850.0, 2314.1, 2573.4, and

2947.2 umol mol ™!, respectively. The ambient CO, concentration

in the laboratory was relatively stable, having a mean value of 445.1

pmol mol™! CO, during the experimental period (Fig. 2c). The

application of nutrient pulses had noticeable effects on the CO,

concentration profile. The second nutrient pulse produced particu-
larly high CO, concentrations because the soil moisture content

during the period immediately before the pulse was much greater
than had been the case before the first nutrient pulse.

Comparison of Gradient-Based and Surface
Chamber Carbon Dioxide Fluxes

Figure 2d shows the surface eflux values calculated using the
gradient method based on the ambient CO, concentration in
the laboratory and the CO, concentrations measured at differ-
ent soil depths. The soil water content had a dramatic impact on
the diffusion coefficients when Fick’s Law was used to calculate
the gas efflux from the soil surface. The gradient method con-
sistently overestimated the CO, efflux during and immediately
after the application of water to the soil surface (Fig. 2d and 3).
Therefore, the CO, fluxes calculated using the gradient method

CO, concentration(umol mol’ l)

0 500 1000 1500 2000 2500 3000
O 1 1 1 1
,]0 -
20
=]
2
o
=
[=H
L
A 30
—e— 14D
-40 - e
-50

Fig. 3. Carbon dioxide concentration profiles in the Kidman fine sandy
loam soil column on Days 14, 33, and 49, illustrating the dynamics of
subsurface CO, concentration.

during periods of water redistribution and periods when suction
was applied to the column were replaced with values obtained from
chamber measurements when fitting the gas diffusivity parameters.
Table 2 shows that the SAPHIR model yielded the most accurate
results and that the power model with X = 1.95 and the SWLR
model with C_ = 1.5 gave comparable results after parameter fit-
ting. However, the Millington and Quirk (1961) model performed
relatively poorly. Myklebust et al. (2008) previously reported that
there were substantial differences between the results obtained
using the gradient and chamber methods in plots planted with an
annual semiarid grass, Bromus tectorum L., during and immedi-
ately after periods of summer rainfall and winter snow.

The air temperature in the laboratory setting was relatively stable,
suggesting that the observed variation in the production and
transport of CO, within the soil column was primarily due to
the periodic applications of water and the resulting changes in the
soil’s diffusion coefficient. In fact, the laboratory temperature had
lictle effect on the CO, concentration and CO, efflux observed
during the study period (Fig. 2). The gradient method based on
the differences between the CO, concentrations at depths of 0
and 5 cm significantly overestimated the soil CO, efflux during
periods when water was applied to the soil surface and especially
in the aftermath of irrigation. This is probably due to temporary
increases in the soil microbial activity (Fig. 2d). When the soil
CO, concentration difterence between depths of 0 and 10 or 0 and
15 cm was used in the Fick’s Law calculations, the corresponding
discrepancies were much less pronounced because the changes in
the CO, concentration at deeper levels of the column were much
less pronounced (Fig. 2d).

The gradient method significantly overestimated the CO, flux
following the application of a nutrient-containing solution to the
surface on Day 69 because in this case the CO, gradient increased
significantly in parallel with the soil’s water content. The CO, con-
centration increased with depth between 15 and 45 cm due to this

Table 2. Root mean squared error (RMSE) and Nash—Sutcliffe model
cfficiency coefficient (EF) values for the gradient and chamber meth-
ods using the power, Soil Air Phase Individual Resistances (SAPHIR),
Millington and Quirk (1961) (MQ), and structure-dependent water-
induced linear reduction (SWLR) models of gas diffusivity. The lower
the RMSE, the better the model fit to the data. The closer the EF value
is to 1, the more accurate the model is in describing the data. Italics
indicate the lowest RMSE and largest EF values for each soil.

Parameter Power SAPHIR MQ SWLR
Kidman fine sandy loam

RMSE 0.17 0.17 0.22 0.18

EE 0.51 0.52 0.24 0.47

Fitting parameters X=195 »=0.83,w=11 13/4 C,=15
Millville silc loam

RMSE 0.21 0.29 0.48 0.34

EE 0.88 0.77 0.37 0.68

Fitting parameters X =2.05 »=0.83,w=1.1 10/3 C,=13

Vadose Zone Journal
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nutrient pulse, which stimulated microbial respiration and caused
the establishment of an inverse concentration gradient deeper in
the soil profile (Fig. 2¢). The application of nutrients can thus have
significant effects on increasing biochemical processes that occur
within the soil, and the resulting increased fluxes may be under-
estimated by chamber-based methods because they can cause very
rapid increases in the chamber pressure. An analysis of the gas
fluxes within the soil profile showed that the surface CO, levels
are sensitive to the production of CO, at depths of up to 15 cm
(Fig. 2¢). The 5-cm CO, sensor failed between Days 52 and 137,
and so the 0- to 10-cm gradient was used when comparing the two
methods for this period.

Criteria for Accepting

Gradient-Based Estimates

With the exception of the initial wetting period (through Day 20)
and the periods immediately following the application of a nutri-
ent solution on Day 46 and 69, the CO, concentration increased
with depth throughout the experimental period, as seen in Fig. 2¢
and 2d. Representative CO, concentration profiles are shown in
Fig. 3, which clearly shows that the highest CO, concentrations on
Days 14 and 49 occurred between 10 and 15 cm. In each of these
cases, water had recently been applied, and a nutrient solution had
been applied 3 d before Day 49, causing the peak surface CO,
concentration to increase by almost 50% relative to that on Day 14.

Another consequence of having the highest CO, concentrations
within the profile near the surface where wetting recently occurred
is that it caused CO, to diffuse both upward and downward within
the column, thereby increasing its concentration at depths where
CO, production may not necessarily have increased. On Day 33,
the peak concentration occurred at the bottom of the column. This
may have been due to the drying of the near-surface layer, which
would increase gas diffusion and thereby facilitate reductions in
the near-surface CO, concentration, as seen in the Day 33 pro-
file. It is notable that there was still a significant change in the
slope of the concentration profile at depths of 10 to 15 cm for the
Day 33 data. Short-term increases in the soil water content thus led
to unstable CO, concentration profiles and also often caused the
CO, efflux to be overestimated by the gradient method in cases
where the volumetric water content was >0.10 cm3 em™3 within 5
to 7 d of treatment with SO mm of water.

The results obtained with the gradient method were reasonably
accurate in cases where at least 5 to 7 d had passed since the last
application of water, even when the soil moisture content was >0.10
cm? cm™3 (Fig. 4), because under such conditions the CO, concen-
tration did not vary so much with depth. Moreover, when suction
was applied to remove water from the bottom of the column, the
results obtained with the gradient method became more accurate
because the water in the soil’s pores was replaced with CO,. Water
pulses did not significantly affect the CO, concentration gradient

during these periods (Fig. 2¢) and so the gradient method did not

o o
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% x o "
il O Water application 'l \ﬁ
=) @® Waler redistribution ‘\ o /
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Fig. 4. Effects of the averaged volumetric water content at 2.5 and 7.5
cm on the correlation of the gradient method estimates of the CO,
cfflux vs. chamber estimates between 0 and 10 cm. The water applica-
tion data points indicate the estimated CO, effluxes for periods of 5
to 7 d after the application of water, while the water redistribution data
points indicate estimated CO, effluxes 5 to 7 d before the application
of a water pulse. The suction application data points indicate the esti-
mated CO, effluxes during periods when soil water was removed from
the bottom of the column by applying 200 cm of water head suction.

significantly overestimate CO, eflux even when the soil water con-
tent was >0.10 cm3 cm ™3 (Fig. 4). Billings et al. (1998) also found
that the 20-cm concentration gradient did not adequately represent
the near-surface gradient, resulting in flux estimates that did not
match experimental measurements in cases where the soil moisture

content was >0.15 cm3 cm ™

at a well-drained upland site. Other
researchers have concluded that surface sealing and decreased D
values (Jassal etal., 2005), along with increases in microbial activity
due to the increased soil water content, may be responsible for errors

in gradient-based estimates (DeSutter et al., 2008).

So while the gradient-based method provides reasonable estimates
under most conditions in addition to providing valuable insight
for understanding depth-dependent soil respiration processes,
there are limitations to this method. It appears that use of the
gradient-based method during and shortly after any wetting of the
surface may be inappropriate because of the resulting increase in
the CO, concentration within the upper soil layers. The wetting
of the upper soil layers reduces gas diffusion upward, causing a
buildup of CO, in the soil profile and a possible diffusion of CO,
downward. The resulting concentration gradient is thus tempo-
rarily inflated and so the estimated diffusion coefficient, which
depends on the measured near-surface water content, may or may
not be accurately represented. To accurately compute diffusion
coefficients based on water content measurements, one must have
very accurate data acquired close to the surface where wetting

begins. Most sensors are not capable of near-surface measurements
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and are generally located at greater depths (5-10 cm) below the
surface. There are thus two important sources of error in such cases,
namely the increased CO, concentration gradient and the lack of
a “sensed” decrease in the diffusion coefficient due to the water

content increase. These errors are illustrated in Fig, 4.

In summary, water and nutrient pulses reduced the agreement
between the gradient- and chamber-based methods for CO,
flux estimation. It is not always clear which of the two methods
yields more reliable results because while the chamber method is
expected to be the most reliable, it may underestimate CO, fluxes
during periods when the CO, concentration increases rapidly. The
gradient method clearly provides unique information regarding
gas concentration and fluxes within

the soil profile that are not detected

concentration at different depths because precipitation can both

stimulate CO, production and reduce the air-filled porosity of the

soil. The subsurface CO, concentration increases when its rate of
surface dissipation decreases due to the filling of soil pores with

water (Jassal et al., 2005; Daly et al., 2008). The volumetric water
content of the soil at all three studied depths increased signifi-
cantly following rainfall events that occurred on DOY 278, 279,
and 307 (Fig. 5a). Precipitation also caused significant reductions

in soil temperature. There were no distinct differences between the

temperatures of the different soil layers or between their measured
water contents (Fig. 5a and 5b). This means that there were no

pronounced gradients of temperature or soil water content during
the course of the field experiment.

using the chamber method.

(cm” em™)

Field Experiment

Water and Temperature
Effects on Carbon Dioxide
Dynamics

During the study period, the subsur-
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face CO, concentrations were much
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greater than the atmospheric CO,
concentration. The daily mean CO,
concentrations at depths of 5 and

(O]

15 cm varied significantly (Fig. 5¢);
the trends in both cases were similar,

but the fluctuations at S cm were much
more pronounced and more sensitive
to surface wetting from precipitation.
The daily mean CO, concentration
at a depth of 5 cm varied between
1548.1 and 4299.1 pmol mol™!, with
a 48-d average of 2256.3 pumol mol .
The corresponding values measured
at a depth of 15 cm were 3065.3 to
5401.9 pmol mol™! for the range and
4053.7 pmol mol 1, respectively. The
daily mean soil temperature at the
three depths studied decreased from
21.9 t0 3.7°C during the experimental
period (Fig. 5b), but the variation in
the temperature curve did not match
that in the daily mean CO, concentra-

tion curves.

The rainfall volume significantly
affected the soil water content, soil
temperature, and soil CO, con-
centration. In keeping with the
laboratory results, the rainfall had

different effects on the soil CO,

Soil temperature
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Fig. 5. The Millville silt loam field soil (a) CO, concentration, (b) temperature, and (c) water content at
different depths, and (d) the daily average CO, eflux measured by the LI-8100 chamber method (DOY
is Day of the Year).
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Carbon Dioxide Efflux Measured by the
Chamber Method and Its Correlation

with Soil Temperatures

The soil CO, effluxes measured by the chamber method decreased
from DOY 240 to DOY 310 and varied with soil temperature (Fig.
5b and 5d). Although measurements were unavailable for 5 d of
the experimental period, the available data clearly show that pre-
cipitation events had complex effects on the measured CO, efftux.
Small rainfall pulses can trigger soil CO, effluxes, and precipita-
tion events did generally increase the soil CO, efflux in this study.
However, the soil temperature decreased significantly on days with
rainfall events, and the soil CO, efflux correlated strongly with soil
temperature. Therefore, the stimulation of CO, efflux by rainwater
may be counteracted by reductions in the soil temperature.

A measure of the rate of change of CO, production as a result of
increasing the temperature by 10°C is known as the Q,, value.
Estimates of Q) using an exponential equation were fit to plots of
the daily mean CO, efflux against the soil temperature at depths
of 5 and 15 cm and found to be 1.98 and 1.87, respectively. The
CO, flux from the 15-cm soil layer to the S-cm layer exhibited an
exponential dependence on the soil temperature at 15 cm; similar
results have previously been reported by Hirano et al. (2003). This
relationship was also observed when examining the data for depths
of 5 and 10 cm because the measured temperatures at 5, 10, and
15 cm did not differ significantly.

Comparison of Four Diffusion

Coefficient Models

Four models for estimating the soil gas diffusion coefficients
were evaluated. As mentioned by other rescarchers (e.g., Risk et
al.,, 2008; Pingintha et al., 2010), all of the calculated diffusion
coefficients were affected significantly by the soil water con-
tent, and their values differed substantially from one another in
some cases (Fig. 6). The estimated CO, effluxes obtained using
Dy, values calculated with the different models were compared
with the experimental measurements,

significantly under- or overestimated the Dy, value at various
soil water levels no matter what parameter values were used (Fig.
6). Tang et al. (2003) also found that this model consistently
underestimated the CO, efflux. It thus appears that while the
Millington and Quirk (1961) model may often provide reason-
able predictions for more sandy soils with relatively low porosity,
it is not reliable for all soil types and porosities (Moldrup et al.,
2004). The SAPHIR model overestimated the D}, value (using
parameter values of p = 0.83 and w = 1.1) when the soil water
content was <0.17 cm® cm™3. When this model was used with
the gradient method and the resulting estimated CO, effluxes
were compared with those determined by the chamber method,
the RMSE and EF values were 0.29 pmol m™2 s~ and 0.77,
respectively. The SWLR model also overestimated the D}, value
(using € = 1.3) when the soil water content was <0.17 cm3 em™3,
This clearly shows the importance of selecting an appropriate D
model when using the gradient method. Pingintha et al. (2010)
drew similar conclusions based on a comparison of six gas diffu-
sion coefficient models.

The estimated CO, effluxes obtained using two different D)
models (the power function model and SAPHIR) and those
based on data from CO, sensors at various depths in conjunction
with the power function model were compared with chamber
measurements of the CO, efflux (Fig. 7). The CO, efHluxes esti-
mated using the power model based on a constant atmospheric
CO, concentration of 380 pumol mol~! and sensor measurements
of the CO, concentration at a depth of 5 cm were in good agree-
ment with those measured using the chamber method. In this
case, a simple power model was sufficient to provide estimates
that agreed well with experimental measurements (Fig. 7), yield-
ing a RMSE of 0.21 pmol m™2 s™! and an EF of 0.88. Because
CO, storage can lead to much higher nighttime concentrations
in the atmosphere (i.e., Jarvis et al., 1997), we also calculated
using a concentration of 450 jumol mol~! instead of 380 jumol
mol~! to test the magnitude of the differences, findinga RMSE

AR Millington and Quirk(1961)
< SWLR

and the estimated CO, efluxes were

fitted to the experimental curves to 0-14 4

identify optimal parameter values 0.12 |

for the power function (Eq. [2]) and 0.10 -

SAPHIR (Eq. [3]) models (Table o

2). The best results were obtained Q& s

using the power function model 2 0.06

with a value of 2.05 for the param- ot

eter X. This yielded an RMSE of

0.21 pmol m™2 57! and a maximal 002

EF value of 0.88 when comparing 0.00 .
the gradient and chamber fluxes. It 250 260

was impossible to identify optimal
values for the parameters used in the
Millington and Quirk (1961) model
(Eq. [4]) because it consistently and

270 280 290 300 310 320

Fig. 6. Gas diffusion coeflicient estimates in the Millville silt loam field soil obtained using the Milling-
ton and Quirk (1961), structure-dependent water-induced lincar reduction (SWLR), power-law, and
Soil Air Phase Individual Resistances (SAPHIR) analytical models (DOY is Day of the Year).
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2 Ty = ent methods are variable. For example,
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E= 2 24 i o of rainwater into the soil and then
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S age and drying. In general, the amount
B - of CO, transported through the water-
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&4 the amount produced by respiration
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Fig.7. Linear relationships between the CO, efflux levels measured using the LI-8100 chamber and the
CO, effluxes estimated using the gradient method. In the gradient calculations, the soil gas diffusivity
was estimated using a power model (Eq. [2]) at depths of 5 and 15 cm and between these depths. Data
from the sensor at a depth of 5 cm were also used in conjunction with soil gas diffusivity estimates
obtained with the Soil Air Phase Individual Resistances (SAPHIR) model (Eq. [3]).

caused by brief rainfall events were
observed at the soil surface (0-5 cm)
and were accompanied by increases
in CO, efflux measured using the
chamber method. However, the CO,
concentration at a depth of 5 cm may

of 0.26 pmol m~2 s~ ! and an EF of 0.85, which demonstrated
that the absolute value of the constant surface CO, concentra-

tion played a minor role in the results.

Efflux estimates based on data from a sensor at a depth of 15 cm
did not correlate well with chamber measurements and did not
respond strongly to rainfall events. This may be due to inaccu-
racies in the measured soil water content at this depth and the
variation in the CO, concentration within the soil profile. The
soil water content and temperature change more rapidly at the
soil surface than they do at greater depths, and the response mag-
nitude at a depth of 15 ¢m are relatively attenuated in comparison.
Moreover, the transport of CO, between the surface layer and
the 15-cm layer may be slow due to the distance between them.
It should be noted that the Dy, value was calculated based on the
average water content measured using sensors at depths of 5, 10,
and 15 cm. This may introduce error into the calculated level of
gas transported in the 0- to 15-cm soil layers because the wettest
soil water content layer will limit gas diffusion owing to its mini-
mal air-filled porosity. The CO, flux from the 15-cm soil layer to
the S-cm layer (i.e., the difference between the values measured
using the sensors at these depths) was less pronounced than the
CO, flux between either depth and the surface, which may arise
due to microbial respiration near the soil surface, where plant
roots and microorganisms are more abundant and water content

variation is greater.

lag behind these changes, a trend that
would be even more pronounced at 15
cm. In addition it appears that heavy rainfall reduced the soil tem-

perature while also filling the soil’s pores with water.

These processes have opposing effects on the rate of respiration
in the soil, and so there was no rapid increase in the CO, efflux
measured by the chamber method during heavy rainfall events.
Notably, although 6.5 mm of precipitation fell on DOY 264
and 266, this did not appreciably reduce the D}, value (Fig. 6).
However, the CO, concentration at 5 cm increased, possibly due
to the upward movement of CO, from lower layers, where the D),
was unaffected by the rainfall. Under these conditions, the CO,
efflux estimated using the gradient method increased but that
measured using the chamber method decreased because of the sig-
nificant fall in the soil temperature. Following a rainfall event in
which 29.5 mm of precipitation fell on the study site, the Dy, value
decreased significantly. The resulting obstruction of gas exchange
between the atmosphere and soil caused significant increases in the
soil CO, concentration and reductions in the CO, flux due to a
sharp decrease in surface gas diffusivity that was followed by an
accumulation of CO, in the soil. Another low-intensity rainfall
event (involving a total of 2.8 mm of precipitation across DOY 285,
286, and 287) seemed to increase the soil CO, concentration and
CO, efflux, although these changes were primarily attributed to
a significant increase in the soil temperature that occurred at the
same time. On DOY 307, 14.5 mm of rain fell, causing a sharp
increase in the CO, efflux. In the aftermath of rainfall events, the
soil moisture content reduced due to infiltration and redistribution
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or evapotranspiration at the surface, and the resulting increased

surface diffusivity allowed a larger gas flux across the soil-atmo-
sphere interface, removing Co, that would have accumulated due

to microbial production (Fig. 5a and 7). Similar results have been

reported previously (e.g., Turcu et al., 2005). Although the results

obtained using the gradient and chamber methods were generally
in good agreement for this field study, the gradient method overes-
timated the CO, efflux following the rainfall events of DOY 264,
266,278,279,285,286, and 287 because the rainfall modified the

soil CO, concentration profile. In particular, during low-intensity
rainfall events (such as those of DOY 264, 266, 285, 286, and 287),
the soil surface pores were blocked and the resulting large gradients

caused the CO, efflux to be overestimated.

Application of Criteria

Consistent with the laboratory results, the gradient method over-
estimated the CO, efflux during and immediately after rainfall
events, which were infrequent. Although gradient measurements
are ideally calibrated against chamber-based measurements, we
found the near-surface estimates of flux to be well correlated with
chamber-based results except during periods of surface wetting.
The gradient method can also provide internal soil profile estimates
of gas flux (c.g., between 15 and 5 em), which has proven useful
for understanding CO,, production spatially within the profile
(Arevalo et al., 2010). Chambers should be used with caution
during rainfall events because the infiltration of wetting fronts
from outside the chamber can induce a mass flow of gases into the
chamber (Rochette and Hutchinson, 2005). It is therefore difficult
to accurately estimate CO, fluxes during and shortly after wetting
events in the field, but the use of a numerical process-based model
such as Hydrus-1D or inverse analysis of the soil CO, profile
method (Koehler et al., 2010) can provide insightful simulations

for such conditions.

Conclusions

The gradient method is a powerful tool for studying and under-
standing the dynamic variations in soil CO, levels and the
production of CO, within the soil with little disturbance to the
subsurface environment. When used in conjunction with a simple
power model for estimating the gas diffusion coefficient, the gra-
dient method produces CO, efflux estimates in agreement with
those obtained using the chamber method. Abrupt increases in
the near-surface soil water content between the surface and the
nearest sensor can result in overestimates of CO, efflux due to the
increased gradient without adequate information on the reduction
in gas diffusion due to increased soil water content. Because there is
currently no method that can reliably determine CO, fluxes during
rainfall events in the field, it is difficult to determine the accuracy
of the gradient method under these conditions. The results of our
laboratory soil column experiment demonstrated that the gradi-
ent method overestimated CO, efflux during and immediately

after the application of water. Where CO, and water content are

accurately measured and the soil porosity is well defined, the gradi-
ent method can provide accurate gas flux estimates. The relatively
low cost and simplicity of the instruments make it a useful tool
for studying soil processes associated with the soil CO, concentra-
tion. Based on our results, CO, sensors placed at a depth of 5 cm
yielded reliable CO, effluxes provided that the soil water content
and temperature were well represented. However, surface wetting
(precipitation, irrigation) can modify the soil CO, concentration
distribution significantly, creating nonlinear CO, concentration
profiles. Under such conditions, the results obtained using Fick’s
Law may become unreliable. Data from the gradient method
should therefore be considered questionable during periods when
water is applied, but were found to be accurate when the soil CO,
concentration was steady (e.g., when the soil water content was not
changing and there was no rainfall). We therefore recommend, as
a minimum installation, a single CO, sensor at a depth of 5 cm
and a soil water sensor at 2.5 cm for estimating CO, effluxes other
than during wetting events. Additional CO, sensors can be useful
for identifying situations when there is a significant variation in
the CO, concentration as a function of depth, suggesting periods
when data obtained using the gradient method may be invalid.
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