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Abstract

In 2016, greenhouse gases (GHG) released from agricultural soils were estimated to be
between 19 and 24 megatonnes of carbon dioxide equivalent with an increasing temporal
trend. The processes controlling soil gas mobility in the vadose zone are poorly understood
and significantly influence GHG emissions during a seasonal cycle. In this research,
conceptual models of the fate of GHG in the vadose zone are presented and investigated
through numerical modeling tools. By employing HydroGeoSphere (HGS), the soil gas
emissions are estimated by tracking transient variations in soil water storage, assuming that
soil pores are occupied either by gas or by water. It is also assumed that the compression,
dissolution, and reactions within the water and gas phases are negligible. Therefore,
variations in soil water saturation can be converted to variations in soil gas saturation and
subsequently, GHG emissions. Field data collected at one of Agriculture Canada’s WEBS
research stations near Ottawa, Ontario were used to inform the numerical experiments. One-
and three-dimensional simulation domains were used to investigate the influence of soil type,
weather, macropore fraction, tile depth and number, ground surface relief, soil heterogeneity,
and storm intensity on the mobility and emission behavior of soil GHG. Conceptual storm
simulations of 10 days and 21 days and a longer-term climatic simulation utilizing field
precipitation and evapotranspiration data were used to investigate the transient nature of soil
GHG mobility. The results suggest that permeable soils and soils with low water saturation
under dry weather conditions tend to have the highest potential for GHG emission.
Macropores may significantly facilitate soil degassing by enhancing the drainage capacity
and lowering the initial water saturation of soils. However, the variation of macropore
fraction seem to have negligible influence on soil gas emission. Reductions in tile spacing
and depth promote soil drainage and consequently act to reduce soil degassing processes.
Ground surface topography may promote the soil degassing by generating surface water
ponding, which enables soils to absorb more water. Heterogeneously layered soils tend to



have less water storage increase and soil gas emission than homogeneous soils during storms,
because water may pond on the interface between soil layers with different hydraulic
properties resulting in higher overall soil water content. Soil GHG emission tends to increase
with increasing storm intensity. In addition, evapotranspiration appears to increase the soil
gas emission. However, the strength of these effects is strongly influenced by the drainage

capacity and water saturation conditions of soils.
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Chapter 1

Introduction

In 2016, the amount of greenhouse gases (GHG) released by agricultural producers was
estimated to be approximately 60 megatonnes of carbon dioxide equivalent (Mt CO: eq),
which represented 8.5% of the total GHG emission in Canada (Environment and Climate
Change Canada (ECCC, 2018). The percentage of GHG emission attributed to the agriculture
sector increased from 7.9% to 8.5% from 2011 to 2016 and has been predicated to be
continually increasing. Agricultural soil is an important agricultural source of GHG, with an
increasing contribution from 19 Mt CO; eq in 2005 to 24 Mt COz eq in 2016. Hence, the
management of GHG related to agricultural operations needs to be carefully considered in
the long-term.

Soil gas emissions are considered to be one of the most significant sources of
agricultural GHG emissions. GHG can be produced through microbial metabolism and
chemical reactions in soil. Vermoesen, Ramon and Cleemput (1991) suggested that soil gases
contain higher concentrations of GHG than fresh atmospheric air. The soils can act as both
sinks and sources of GHG. The mobility of the soil gases is primarily controlled by variations
in soil gas pressure. When the soil gas pressure is higher than the barometric pressure, the
soil gases tend to be released to the atmosphere, potentially increasing atmospheric GHG
levels. When the soil gas pressure is lower than the barometric pressure, the fresh air enters
the soil and the GHG level in the atmosphere remains unchanged. Hence, the transient gas
exchange between the soils and the atmosphere may lead to the elevation of atmospheric
GHG concentration.

In soils, gases move mainly through hydrodynamic dispersion and advection within
the gas-filled pores (Scanlon, Nicot, and Massmann, 2002). The hydrodynamic dispersion

refers to the combination of mechanical dispersion and molecular diffusion. The mechanical
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dispersion is influenced by variations in the velocity of gas flow and is usually considered as
a negligible process in soils. The molecular diffusion involves the random movement of gas
molecules from areas of highly concentration to areas of lower concentrated. Advection is the
movement of the gases driven by the pressure gradient resulting from the external factors like
seasonal or climate changes that influence barometric and in-situ gas pressures.

Previous studies have generally focused on the diffusion of soil gases under static and
equilibrium hydraulic conditions. Few studies have considered soil gas advection. However,
advection may result in a significant increase in soil GHG mobility in a short time span. For
example, infiltrating rainwater will occupy some of the pore spaces that were initially gas-
filled, during the precipitation event, displacing the soil gas. Hence, the soil gas pressure
increases and a gaseous gradient is formed at the interface between the soils and the
atmosphere. Thus, the GHG-rich gases are pushed out from the soils through advection,
potentially contributing to an increase in atmospheric GHG levels When the rainwater drains
deeper into the soil profile, the shallower water filled pore spaces will empty again and an
opposite gaseous gradient is formed. Hence, fresh atmospheric air may re-enter the soil.
Because the gas advection process is potentially able to introduce significant amounts of
GHG to the atmosphere during short time intervals, it is significant to investigate this
transport process to improve the understanding of GHG mobility.

Six primary influence factors are considered for soil gas advection. The first factors is
the soil system components, including the soil matrix (pm), macropores (dual), and
agricultural tiles (tile). The macropores refer to soil cavities that have diameters larger than
75 um, which are preferred pathways for water during infiltration (Soil Science Society of
America, 2020). The agricultural tiles refer to drainage systems installed in the shallow
subsurface to remove excessive water in support of crop growth The introduction of
macropores or tiles to soil systems may vary the hydraulic properties and further influence
soil degassing. The second factor is the soil matrix characteristics. Three conceptual
agricultural soil types with different hydraulic properties are assessed including the sandy
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loam, silty loam, and clay loam. The third factor is the macropore characteristics,
investigated as macropore volumetric fraction to in this research. The macropore volumetric
fraction is the portion that the macropores occupied by the total porosity (Aquanty, 2015),
which may relate with the efficiency of macropore transportation. The fourth factor is the
agricultural tile characteristics. The tiles may connect with natural macropores and influence
the drainage capacity. It might be significant to investigate the influence of the tile depth or
tile number on soil degassing. The fifth factor is the soil profile characteristics, including the
ground surface topography and soil heterogeneity. The surficial topography and
heterogeneity of the soil layers may influence surface water ponding and soil water
distribution in the subsurface, which may further influence the soil degassing. The sixth and
final primary factor relates to variations in climatic drivers including precipitation and
evapotranspiration. Both the intensity and frequency of precipitation events are considered.
Evapotranspiration acts as a water sink in soils, which may diminish the water influx during
an infiltration event and reduce the water storage variation and soil gas displacement.
However, the evapotranspiration can also reduce water stored in soil pores between rainfall
events, which would enable the soil to accept more water during precipitation. Hence, the
evapotranspiration can either increase or decrease the soil gas emission.

The main objective of this research work is to quantitatively assess the influence of the
primary factors described above, on the mobility of soil gases and GHG. The assessment is
based on a series of numerical simulation experiments utilizing observational data collected
at the Agriculture and Agri-Food Canada’s (AAFC) Watershed Evaluation of Beneficial
Management Practices (WEBS) field site near Ottawa, Ontario. The numerical experiments
are based on 1-dimensional (1D) and three-dimensional (3D) domains considering
conceptual and field-based scenarios designed to investigate the influence of various
combinations of the primary controlling factors on the movement of soil gas in variably
saturated conditions.

It is difficult to simulate gas movement in soil directly. However, multiple approaches
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have been developed to simulate the movement of water in soil. In the current research, gas
transport in soil is considered to be the inverse of the soil water transport. It is assumed that
the soil pores are filled with either gas or water. The compressibility and solubility of the
gases and water are ignored. A 3D control-volume finite element simulator, Hydrogeosphere
(HGS) (Aquanty, 20153, 2015b) is used to simulate the water saturation variations during
precipitation changes. The results are converted to the air saturation variations and the soil
gas emission are estimated. The combined modeling results are evaluated from the
perspective of the transient mobility of soil gas and potential exchanged of GHGs between
the atmosphere and the soil profile under a wide range of typical conditions that would be

encountered within the Ontario agricultural landscape.



Chapter 2

Background

2.1 Greenhouse Gas Transport in Soil

Greenhous gases in soils are generated through chemical reactions and metabolism of plants,
animals, and microbes (Oertel et al, 2016). For example, CO> is formed through root
respiration and microbial respiration. NO and NO; are generated by microbial nitrification
and denitrification process, while CHy is produced through methanogenesis. Generally, soil
gas contains higher GHG levels than the atmospheric air. Vermoesen, Ramon and Cleemput
(1991) measured the composition of gases in different soils and reported that the CO> content
in soil is 3~6 times higher than that in the atmosphere. They also measured soil CH4
concentrations and suggested that the magnitudes are of 10° to 10° ppb in silty and clay soil
samples, which is significantly higher than the average atmospheric CH4 concentration of
1803 ppb in 2011(IPCC, 2013).

Soil gas emissions are considered to be important sources of the atmospheric GHG.
The gas exchange between the soils and the atmosphere resembles breathing. During such
exchange, the GHG-rich soil gases is released to the atmosphere and contributes to the
increase of atmospheric GHG levels. It is reported that soil degassing contributes 35% COx,
47% CHa, 53% N20O, and 21 % NO to the global GHG emission (IPCC, 2013). In 2016, the
agricultural soils are estimated to contribute 24 Mt CO2 eq of N2O emission to the
environment (ECCC, 2018). Hence, it is necessary to investigate the mobility of gases in soil
and find approaches to diminish the GHG soil emission.

The molecule diffusion and advection are two important mechanisms of gas transport
in soils. The molecule diffusion is described by the Fick’s Law. Multiple factors can
influence the gas diffusion rate including the gas pressure and thermal conditions. Most

studies focus on gas diffusion under static water saturation conditions. Neira al. (2015)
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investigated the movement of O> in soils and suggested that the soil gas movement is
dominated by diffusion under static hydraulic conditions. Pourbakhtiar et al. (2017) studied
the influence of wind action on gas diffusion with different but constant moisture conditions
in porous media. They indicated that the air filled porosity and soil air permeability varies
with the soil water content. Such properties are considered to be positively related with the
gas diffusivity in soil (Hamamoto et al, 2009). Healy et al. (1996) predicted the soil-air gas
exchange rate and investigated its influence factors using a static-chamber method. They
assigned hypothetical field conditions to the experiments and simulations and assumed that
the gases moved only by the diffusion in the soils. Although most previous studies have
investigated various influence factors on the soil gas diffusion, little work has been done to
consider the influence of transient climatic events on the mobility of soil gas or to assess the
role of soil gas advection.

Advection refers to the bulk motion of the soil gases in response to the total gaseous
pressure gradient caused by external forces (Scanlon, Nicot, and Massmann, 2002). The
volume of the gases and water in soil pores varies during infiltration and exfiltration. As the
water volume increases, the gases are pushed out from the soil pores and may redistribute
within the soil pore network or enter the atmosphere. Because soil gases are rich in GHG, the
advection may lead to instant and transient contributions to the atmospheric GHG levels. So
far, there are few studies focusing on the soil gas advection and its role on the release of
GHGs from soil surfaces, especially the advection driven by the soil moisture variation.

Oertel et al (2016) stated that the soil moisture is the most important driver for soil gas
emission to the atmosphere. However, they were focused more on the variation of the redox
conditions caused by the moisture variation rather than the physical movement of the soil
gas. Sponseller (2007) measured the change of the soil CO; efflux under different
precipitation rates. Again, in this study, the variation of the soil redox conditions as soil water
contents changed was considered to be the main cause of the difference in the CO2 emission
rate, rather than the soil gas advection. Costanza-Robinson and Brusseau (2002) performed a
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phase miscible displacement experiment to evaluate the contribution of diffusion and
advection on gas transport in natural porous media under unsaturated conditions. It was
suggested that the mechanical mixing and gas displacement contributes more to the overall
soil gas mobility than the gas diffusion when the soil water content is higher than 0.2 for non-
reactive gases like methane. However, the experiment was conducted under constant
prescribed infiltration rates. To understand the soil gas mobility under variable climatic
conditions, an evaluation of soil gas mobility under varying precipitation conditions would
be required.

Precipitation is a potential driver for the soil gas advection. In the current research, soil
gas advection resulting from transient infiltration during variable precipitation events is
investigated. However, the gas flow is different from the water flow in several aspects
(Scanlon, Nicot, and Massmann, 2002). Firstly, the density of the soil gases may vary
significantly and may influence the soil gas pressure. In addition, the high compressibility of
gas may result in non-linear gas flow phenomena in soil. The low pneumatic conductivity
and viscosity enables soil gases to move under low gradients. When the temperature
increases, the viscosity of the soil gases increases but that of water decreases. Another
difference between water and gas flow is that the gas will have stronger slip flows, also
known as Klinkenberg effect. Due to the low viscosity, soil gases are less likely to adhere on
the pore walls like the water does. Hence, the velocity of soil gases on the pore wall is not
zero and slip flows occur. Finally, the diffusion is more significant for gas than for water due
to the high molecular diffusion coefficients of gases.

The effective diffusion coefficient for molecular diffusion in soil environments
decreases sharply when the water saturation increases. Precipitation events generally lead to
strong and rapid water saturation variations. Hence, the diffusion might be limited during
storms. Meanwhile, soil gas diffusion may be negligible compared with soil gas advection
when external forces like seasonal and climate changes are applied. Nicot, and Massmann
(2002) stated that the advective gas flux might exceed the diffusive gas flux even under small

7



total pressure gradients. Gas advection is the dominate transport process when the mean free
path of gas molecules () is significantly lower than the pore radii (Ap) and the soil particle
radii (rp), because the intermolecular collision exceeds the collision between gas molecules
and pore walls in this condition. The mean free path of gas molecules is reversely related
with the mean pressure of gas in soils. Thus, the unsaturated soils that have high gas
saturation and high mean gas pressure tend to have significant advection flow due to the
pressure gradient, because A in the unsaturated zones is small and more likely to be smaller
than A, and r,. Consequently, advection becomes the main gas transport mechanism at the
beginning of precipitation events, when the water saturation is low and the gas saturation is
high in the soils, especially for permeable soils. In considering soil GHG emission, the early

stage of storms is the period when soil gases rich in GHG are released to the atmosphere.

2.2 Factors Affecting GHG Mobility in Soil

Soils are porous media that can act as sources or sinks for greenhouse gases. The gases
escape from the soils when barometric pressures change or precipitation occurs and
infiltrating water saturates the pore space that was previously occupied by the soil gases.
When the precipitation ceases and the water drains downward, atmospheric air can be drawn
back into the soil. The gas transport efficiency, which is related to the water drainage
capacity, is associated with the bulk soil porosity that consists of the matrix porosity and

macroporosity, and the soil water retention characteristics.

2.2.1 Soil Matrix

The gas transport parameters vary with the soil texture, which is an intrinsic property of the
porous medium that generally considered a constant characteristic. Hamamoto et al (2009)
indicate that the gas diffusivity and soil air permeability are positively related with the air-fill
porosity. Meanwhile, the air-filled porosity is higher in soil matrixes with coarse grain size

and low bulk density. According to the size distribution of mineral grains, soils can be
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divided into different textural classes. Sandy soil is considered to have grain size mostly
between 0.075 mm and 4.75 mm in diameter (American Society for Testing and Materials,
1985). Silty soil and clayey soil has smaller grain size that is less than 0.075 mm. Generally,
silty soil has lower plasticity than clayey soil. Meanwhile, loam describes soil with relatively
even distributions of these three different grain size categories. Due to the high conductivity
and relatively large pore diameter of sandy materials, gas emission from sandy soils are
expected to be greater than that from clayey soils under partially saturated conditions.

In the current research, the water movement is utilized as an inverted surrogate of the
gas movement. Hence, the hydraulic parameters for the soil matrix are considered instead of
the pneumatic parameters. To quantify the variation of water saturation, two soil
characteristics are required, which include the soil water retention curve and hydraulic
conductivity.

The soil water retention curves (SWRC) describe the water storage capacity of the soil.
It represents the relationship between the soil moisture or soil water content 0
[dimensionless] and the soil water potential y [L]. The soil water retention curve is an
intrinsic characteristic of soil that seldom varies although it may have hysteretic properties.
Generally, the residual saturation for sandy soils is lower than that for clayey soils. The
saturation in sandy soils is more sensitive to soil water potential variation than that in clayey
soils. Various empirical models have been developed to represent the soil water retention
curve, including the Brooks and Corey model and the van Genuchten (VG) function
(Ghanbarian-Alavijeh et al, 2010). In this research, the van Genuchten function is adopted.

The hydraulic conductivity K describes the drainage capacity of the soil. Generally,
soils with coarse textures tend to have higher K and as such, sandy soils have higher drainage
capacity than silty and clayey soils. K is a constant when the soil is saturated (Ksat), but is a
function of the water saturation under unsaturated conditions. SWRC information is required

to determine K for partially saturated sediments.



2.2.2 Macroporosity

In addition to soil texture, the soil structure also influences the gas mobility in soil. Soil
structure refers to the way that the soil textural particles (sand, silt, and clay) assemble
(American Society for Testing and Materials, 1985. Poorly-structured soils do not have
obvious aggregation, while well-structured soils have granular aggregates that are durable.
McCarthy and Brown (1992) suggested that poorly-structured soils are less air-permeable
than well-structured soils, because well-structured soils tend to have larger inter-aggregate
flow channels. In addition, the soil structural complexity is enhanced by the presence of
macrospores and agriculture drainage tiles. Macropores and tiles can act as conduits for water
to migrate rapidly through the bulk soil, which potentially lead to significant changes on the
soil water saturation. Consequently, the soil gas permeability and degassing rate will be
affected by the soil macroporosity.

Macropores are large pores where preferential flow can occur (Soil Science Society of
America, 2020) and refer to soil pores with diameter larger than 0.075 mm. Macropores can
be formed through various mechanisms including the soil-animal-plant interactions including
root and worm holes, animal behaviors, and soil matrix erosion and cracking (Beven and
Germann, 1982). Generally, macropores play important roles in conducting rapid, non-
equilibrium flow through soil. Panday and Nkongolo (2015) investigated the effect of the soil
porosity and water content on greenhouse gas emission in a silt loam soil in Jefferson City,
Missouri. They collected soil gas samples in the field using static and vented chambers and
found that more GHGs are released as the pore space increases with a correlation coefficient
0f 0.27~0.53.

The macropore system is influenced by multiple factors. Beven and Germann (1982)
suggested that the land use has the most pronounced influence on the soil macroporosity.
Plowing may cut the natural macropores and lead to the vertical discontinuity of pore
networks. Soil compaction by traffic and heavy machines may also destroy macropores. On

the other hand, the installation of the agricultural tiles can enhance the macroporosity. Frey et
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al. (2012) suggested that macroporosity above the tiles is greater than that at the middle
between tiles in clay under high water saturation conditions. The tiles can create unsaturated
soil condition that is favored by earthworms and physical processes of macropore formation.
However, the influence of tile on soil macroporosity is limited by the strength and depth of
earthworm activities, the amount historical burrows that are abandoned by earthworms, and
the change of seasons. Meanwhile, the installation and backfilling of tiles may also alter the
soil structure and change macroporosity. Besides the land management, extreme weather
conditions like drought may promote the formation of soil cracks through dessication, which
can lead to an increase in macroporosity. In addition, changes in ecological systems resulting
from various land management systems may influence macroporosity by affecting the nature
of both the population and activity of soil wildlife (Beven and Germann, 1982).

The hydraulic properties of macropores will influence soil gas mobility. Due to the
nature of their formation, most macropores impart significant hydraulic anisotropy within
natural soils due to the higher degree of vertical orientation and continuity of most macropore
features as opposed to the horizontal and transverse directions. However, low permeability
linings or coating that may develop on the interface between macropores and soil matrix,
may impede lateral flows and enhance the hydraulic anisotropy.

The preferential flow in macropores starts when the applied water pressure exceeds the
water entry pressure (Jarvis, 2007). The water entry pressure is determined by the surface
tension of water, radius of the meniscus between the water and air, and the contact angle of
the meniscus with the pore wall. For macropores that have equivalent cylinder diameter
around 0.3~0.5 mm, the water entry pressure is -100~-60 mm of water, which equals to
0.0097~0.0058 atm.

Jarvis (2007) stated that macropore flow starts when the water pressure on the surface
exceeds the water entry pressure. The water entry pressure is controlled by the surface
tension of water, the radius of curvature of the air—water interface, and the contact angle
between the air-water interface and macropore wall. Figure 1 illustrates the influence of
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macropore flow on water infiltration in soils. Point A indicates the initial stage of percolation.
The macropores are filled with gases and hydraulically impermeable. The non-equilibrium
flow in macropores starts when the pressure potential increases to reach the water entry
pressure of small macropores at point B. The macropore flow becomes significant when the
pressure potential reaches the water entry pressure of large macropores during the late stage
of percolation at Point C. In this stage, macropores that have equivalent cylindrical diameter
larger than 0.3—-0.5 mm and vertical continuity become highly conductive in transporting
water. The uneven wetting of soils is observed and the flow. The macropore flow enables

water to reach the lower part of the soils more rapidly than it travels through the soil matrix.
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Figure 1. Movement of water under differing water potentials in macropores. The cubes
represent soil cells and the thick lines indicate large macropores while the thin lines

indicate small macropores. The gray dots in cubes represent water. From Jarvis (2007).

The macropore flow rate is related with the rainfall intensity and duration, the initial
soil moisture content, and the saturated hydraulic conductivity of soil matrix (Jarvis, 2007).
For example, significant macropore flow may occur during heavy precipitation events.
However, very intense rainfall may cause the sealing of macropore openings on the surface
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of silty soils and reduce the macropore flow (Beven and Germann, 1982). Cultivated arable
land tends to have lower macropore flow than non-cultivated grasslands due to the disruption
of macropore continuity during soil tillage (Jarvis, 2007). However, not all macropores are
involved in water transport. Jarvis (2007) suggested that only about 10~50% of the total

macropores transport water during water infiltration events.

2.2.3 Agriculture Drainage Tiles
Agriculture tiles are permeable drainage tubes that are installed beneath cultivate farm fields
to enhance subsurface drainage to facilitate crop growth (Welling, 1997) (Figure 2). Tile
drainage is being implemented in nutrient contamination extensively throughout North
America and Europe in recent years (Frey et al., 2012). Excessive moisture may accumulate
in soils under moist and cool climatic conditions, which may degrade field conditions and
lower crop productivity. Once the water table reaches the base of the tile drain, groundwater
is discharged through the pipes, usually to a lateral surface water drainage system, which
increases soil drainage improving crop growth potential.

The agricultural tiles can be considered as artificial macropores. Unlike natural
macropores that are vertically conductive, the tiles are laterally connected (Figure 2). Tiles
may receive water from both soil matrix and natural macropores overlying the tile or from

the raising water table below the tile pipe invert.

<0

Undrained condition Drained condition

Figure 2. Schematic diagram of agricultural tiles in the field. Retrieved from Ghane (2018).
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2.2.4 Precipitation and Evapotranspiration

Due to the variability in seasonal precipitation, water tables can fluctuate considerably during
and between precipitation events. As the water table rises, soil GHG can be displaced from
the partially saturated soils and released to the atmosphere. As the water table drops, the fresh
atmospheric air can re-enter the soil pores at ground surface.

Precipitation events tend to increase soil GHG emission. Yan et al. (2018) summarized
previous research on the effects of precipitation on the soil GHG emission rates. They stated
that an increase in precipitation will lead to the promotion of N2O (+154.0 %) and CO-
(+112.2 %) emission. Meanwhile, a decrease of precipitation will result in lower N2O
(—64.7 %) and CO; (—8.6 %) emissions. Fatumabh et al. (2019) recorded the variation of soil
GHG emission with daily precipitation and soil temperature in banana—coffee farms in the
Wakiso District, Uganda. In that work, it was suggested that the soil degassing is enhanced
by daily precipitation. They also suggested that the effect of precipitation is stronger than the
co-effect of precipitation and temperature on the soil GHG emission. However, like much of
the previous literature on this topic, this research focused more on the influence of
precipitation variation on the soil chemical and microbial conditions, rather than on
precipitation impacts on physical soil gas mobility. It will be meaningful to investigate
influence of precipitation intensity on soil gas convection and transient distribution within the
context of the fate of soil GHG.

Evapotranspiration (ET) is the sum of water flux through evaporation and plant
transpiration. ET acts as a sink for soil water and will influence some of the mechanisms
influencing GHG emissions from soils. It can diminish the amount of infiltrated water and
result in less variation of water storage in soil, which corresponds to less potential GHG
emission. However, the consumption of water by ET may reduce the water saturation and
enable the soil to accept more water during precipitation, which may elevate the soil GHG
emission.

ET has been shown to vary with plant type and growth cycle. Oertel et al, (2016)
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suggested that the wetlands have the highest absolute soil GHG emission potential, followed
by forestlands, grasslands, croplands and barren lands. However, they also indicated that the
soil GHG emission associated with the same vegetation type might vary significantly and is
influenced by the local climate and soil management methods. Overall, ET plays a complex

role in soil GHG emission.

15



Chapter 3

Field Study Area

Data collected during recent field investigations conducted on active agricultural fields,
which are part of Agriculture and Agri-Food Canada’s (AAFC) Watershed Evaluation of
Beneficial Management Practices (WEBS) program for sustainable agriculture, were utilized
for the current study (I. Widurska, personal communication, March 28", 2021). These field
sites are located located approximately 45 km east of the city of Ottawa, Ontario, Canada
(Figure 3a). Information collected from two different landscape positions within the
agricultural fields, which are labelled as Site 11 and Site 5 (original AAFC designations) in
Figure 3b, is considered for this work. Site 11 represents cultivated farm land (Figure 3c) and
Site 5 is situated within a riparian area adjacent a surface water drain (Figure 3d).

The field data that were collected by I. Widurska (personal communication, March 28",
2021) included soil composition and texture, hydraulic parameters, and macropore
information. As part of the Widurska (2020) study, field investigation campaigns were
conducted during spring (May and June 2018), summer (July and August 2018), and fall
(October and November 2018). Figure 4 shows the soil profile from the agricultural land

through the riparian zone, perpendicular to the surface water drain.
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Figure 3. WEBS site map. Retrieved from I. Widurska (personal communication, March 28",
2021). (a) Location of WEBS field site with respect to the City of Ottawa, Ontario, (b)
location of Site 11 and 5, (c) location of data collection plots in Site 11, (d) location of

data collection plots in Site 5. Retrieved from Google, 2019.
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Figure 4. Soil profile of the WEBS site map. Retrieved from 1. Widurska (personal
communication, March 28™, 2021).
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Chapter 4

Methods

The research undertaken in this study involves the development of a series of numerical
experiments conducted at several different scales, to explore the influence of precipitation
events, transient seasonal weather conditions, and soil characteristics on the mobility and
potential emissions of GHG from the agricultural landscape. The study employs the
numerical model Hydrogeosphere (HGS) (Aquanty, 2020) and utilizes extensive field and
laboratory data collected from previous and concurrent studies at the WEBS field site,
described earlier. A variety of scenarios based on 1D, and 3D simulations were used to derive

insight into climatic and soil controls on soil GHG movement in shallow agricultural soils.
4.1 Hydrogeosphere Model

Hydrogeosphere (HGS) is a 3D control-volume finite element/finite difference model
developed by Aquanty (2020). One unique feature of HGS is that it fully integrates
groundwater and surface water flow and transport, including variably saturated and
macroporous subsurface conditions. It implicitly calculates water flow and solute transport in
both surface, subsurface, and macropore flow regimes simultaneously, instead of performing
separate calculations for the surface and subsurface as is common with loosely coupled
hydrologic models (Harter and Morel-Seytoux, 2013) like GSFlow (Regan and Niswonger,
2020) and Integrated Water Flow Model (California Department of Water Resources, 2021).
HGS uses Richard’s equation to solve for variably saturated 3D subsurface flow (Therrien
and Sudicky, 1996) and the 2D diffusion wave equation to solve overland flow.

HGS uses a dual continuum formulation to simulate preferential flow through
macropore features (Gerke and van Genuchten, 1993). The primary continuum (m) refers to
the porous media (soil matrix flow), while the secondary continuum (d) refers to the dual

(macropore flow) region. The primary and secondary continuums are typically
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parameterized differently in order to represent the contrast between soil matrix and
macropore flow conditions. A modified form of Richard’s equation is used to describe the 3D

variable-saturated flow in the soil matrix and macropores (Aquanty 2020), as follows:
0
_V(wmqm) +lex £ Qp = 0y a (es,msw,m) (1)

—V(w4qq) +Ta £ Qq = wd%(es,d Swa) (2)
o is the volume fraction [dimensionless] of total porosity occupied by soil matrix or
macropores. The sum of mm and mq equals to 1. q is the fluid flux [LT™'] and T'ex denotes the
sum of fluid exchange [L*L>T!'] between the matrix and all other domains. Similarly, I'a
represents the sum of fluid exchange between the dual continuum (macropores) and other
domains. Q represents external fluid sources and sinks [L*L>T"!]. Potential sources include
precipitation and irrigation, while the potential sinks includes evaporation, transpiration and
groundwater pumping. On the right hand side, t is time [T], 6; is the saturated water content
[dimensionless] assumed equal to porosity. Sy is the water saturation [dimensionless], which
ranges from O to 1.
The fluid flux q in each continuum is expressed using the Darcy equation as:
q = —Ksae * K, V(P +2) (3)
Ksat is the saturated hydraulic conductivity [LT '], y is the pressure head [L], and z is
the elevation head [L]. k; is the relative permeability [dimensionless] and is a function of Sy,.
The relationship between k;, Sw and y can be expressed by the van Genuchten (1980)

function:

Swe+ (1= Swo)[1+aP|?]”, w<o0
1, ¢=0

v=1-—2= B>1 (5)

with the derived kr:
v.2

Kk, =S, ) [1 - (1 - sﬁ) ] (6)
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Swr is the residual water saturation [dimensionless], a is the inverse of the air-entry

(7)

pressure head [L '], 1, is the pore connectivity parameter [dimensionless], and P is the pore-
size distribution index [dimensionless]. The values of Swr, o, and B represent intrinsic soil-
specific water retention characteristics and define the shape of a soil water retention curve. In
this study, the pore connectivity parameter I, is set to be 0.5 based on Mualem’s (1976)
model.

Water exchange between the soil matrix and macropores is governed by the difference
in pressure head between the two continuums according to:

I'= a,4Kakpa(Wa — P) (8

Where T is the inter-continuum exchange [T™!], owa is the first-order fluid exchange
coefficient for subsurface-macropore coupling [L?2]. K, is the hydraulic conductivity of the
interface between the soil matrix and macropores [LT™!], and k:, is the corresponding relative
permeability. k., is determined using the van Genuchten (1980) formulation with parameters
configured for the interface, which in this case were set equal to those of the soil matrix. Ka
was set at 1/12 according to guidance provided by Gerke and Kohne (2002).

Meanwhile, the right hand side of the Richard’s equation can be simplified as:

d op daS
a (essw) ~ SwSs ﬁ + 0, a_;v 9)

Hence, the modified Richard’s equation only concerns two variables including Sw and
y. In each continuum, a certain water saturation Sy can be determined once the pressure head
is given.

Overland flow is described by the 2D Saint Venant equations, per Aquanty (2020):

00,h,

' (doqo) - dol-‘o T Qo = ot (10)

Where:
do = —Ko " ko V(do + 25) (11)
do 1s the depth of flow [L]. I', is the water exchange between the surface and subsurface
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domains [LT™!]. Q, is the volumetric flow rate per unit area from external water inputs or
outputs [LT™!].@, is the surface flow domain porosity [dimensionless], which varies from 0 at
the ground surface to unity at the top of flow obstructions. h, is the water surface elevation
[L]. tis time [T]. Ko is the surface conductance [LT '] and ki is a factor that describes the
reduction in horizontal conductance from obstruction storage exclusion [dimensionless]. z, is
the land surface elevation [L].

The water exchange term I, [T™!] is calculated by:

kr,szz,m (h kr,dKzz,d (

dolp = o mmn — ho) + wgq hg — ho) (12)

1exch lexch

Again, m and d denote the porous medium (soil matrix) and dual medium (macropore)
respectively. k; is the relative permeability [dimensionless], while K, is the vertical saturated
hydraulic conductivity [LT™!]. lexcn is the coupling length. hy and hg are the subsurface porous
medium (matrix) and dual (macropore) head respectively [L]. In the surface-subsurface water

exchange, the relative permeability k, may vary with the flow direction:

S 2(1-Sexch) d. <H
k. = exch ’ o S 13
o { Do (13)
d
Sexch = H_O (14)

N

H; 1s the sum of the height of rill storage and the height of surface obstruction [L] per
Aquanty (2020).
The Hazen Williams empirical equation (HWE) is adopted to describe the agriculture
tile flow, which is treated as 1D flow in subsurface pipes in HGS program (Aquanty, 2015).
Evaporation in HGS is calculated using a formulation derived from (Kristensen &
Jensen, 1975). In HGS, the rate of transpiration T, [L>T '] is calculated according to
(Aquanty, 2020):
T, = £ (LAI) * £5(8) * RDF(t) * [Ep — E¢ap] (15)
Where,
f, (LAI) = max{0, min[1, (C; + C, * LAD]} (16)
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LAI is the leaf area index [dimensionless]. 0 is the moisture content [dimensionless],
which can be converted from the pressure head using SWRC. For the subscripts, wp stands
for the wilting point, fc stands for the field capacity, o stands for the oxic limit, while an
stands for the anoxic limit. RDF is the root density function that varies with time. E, is the
reference evapotranspiration [LT!]. Ecan is the canopy evapotranspiration [LT™!] that is
derived from LAI and a canopy storage parameter. C;, C, and C; [dimensionless] are user
defined fitting parameters for which additional information is provided by Kristensen &
Jensen (1975). RDF is the time-varying root density function that is influenced by root depth
(Aquanty, 2015).

Evaporation from the ground surface Eqir and the subsurface soil Es are calculated by:

Eolf = o(*olf(Ep - Ecan - Tp) (20)
Es = «*(Ep — Ecan — T — Eo1f)EDF (21)
Where,
d\2(52)
o« o = (h_s> for 0 < d, < hg (22)
1 for hg <d,
0 — 0,
5 —o. for Be; < 0 < 0¢q
* el ~— Ye2 23
* 1 for 8., < 0 (23)
0 for 6 < 0,

0c1 1s the moisture content at the end of the energy-limiting stage, while 02 is the
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limiting moisture content. When 0 is higher than 6.1, full evaporation will occur. When 0 is
lower than 02, no evaporation will occur. EDF is the evaporation distribution function, which
varies with depth.

For estimating the volume of gas emitted from the soil during a wetting cycle it is
assumed that the total pore space in soil is occupied by water or air (Sa + Sw =1, Sa is air
saturation). For the purpose of this work, the assumption is made that the influence of
compression and dissolution of the soil gases are considered to be negligible. Once the
variation of water saturation Sy with time t is determined for both the primary and secondary
continuums, the change of water volume AV, and of air volume AV, in the simulated domain

can be estimated by:

AV, = —AV, = (wmq)mASW,m + wd(bdASW,d) * Vr (24)

Hence, the average soil gas emission rate is:

_ (“)m(bmASw,m + wdd)dASw,d) * VT
Vemitted = — At (25)

4.2 Hydraulic Parameter Selection

Two main sets of numerical experiments were conducted during the course of the current
study. The first involved the establishment of typical conceptual conditions that would be
encountered within an agricultural landscape and utilized model parameters derived from the
literature. The objective of this conceptual study was to assess the sensitivity and significance
of various soil parameters in controlling transient infiltration phenomena during discrete
precipitation events and consequently the mobility of GHG. The second set of experiments
build on the conceptual modeling and incorporate field measured information derived from
the WEBS field site in order to investigate dynamic field infiltration and soil gas behavior at
a monitored field site. The parameter sets adopted for both simulations experiments are

described below.
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4.2.1 Soil Parameters for Conceptual 1D and 3D Simulations

Conceptual 1 dimensional (1D) and 3 dimensional (3D) flow models were designed to
simulate transient water mobility under variably saturated conditions within the near surface
environment during specified precipitation events. The hydraulic and geological parameters
used for the modeling were selected from the literature to represent general characteristics of

common soil types within an agricultural setting.

4.2.1.1 Soil Matrix Parameters

Three conceptual soils are selected to represent typical soil matrix, including the sandy loam,
silty loam, and clay loam. Table 1 shows the hydraulic data of conceptual soil matrix that
were derived from literature sources. The van Genuchten (VG) function is adopted in the
study to predict soil water retention capacity, which performs well for unsaturated soils
(Ghanbarian-Alavijeh et al, 2010). It contains three shape parameters and assumes that the
soil water curve is sigmoidal-shaped. This research adopts VG parameters from the Rosetta
database (U.S. Department of Agriculture, 2019). The Rosetta database provides average
hydraulic parameters for the twelve USDA textual classes (U.S. Department of Agriculture,
2019). Once the soil textual class is known, the VG parameters for the soil can be predicted.
Figure 5a shows the soil water retention curves (SWRC) of the three conceptual soils using
VG parameters obtained from the Rosetta database. Theses VG parameters are shown in
Table 1. Overall, the SWRC of the conceptual silty loam and clay loam are similar to those of
the soils sampled in the WEBS field site by Widurska (I. Widurska, personal communication,
March 28", 2021) (Figure 5b).

24



SWRC for soils in the 3D flow test model
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Figure 5. Soil water retention curves of the soil matrix of the sandy, silty, and clay loams in

the conceptual models (a) and the soil matrix of different soil zones measured in WEBS
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field site (b). Retrieved from Rosetta database (U.S. Department of Agriculture, 2019)

and 1. Widurska (personal communication, March 28%, 2021).

The hydraulic conductivity K of the soil matrix will significantly influence the mobility
of water in the soil profile. When the soil is unsaturated and both water and gases exist in the
soil pores, the Darcy equation for multiple-phase flow in the porous media is:

qi = Ksaeky *1 (15)
K = Kgaiky (16)

The subscript i indicates fluid i. q is the water flux [LT™']. Ksa is the saturated
hydraulic conductivity [LT™']. k; is the relative permeability [dimensionless] and i is the
hydraulic gradient [dimensionless]. Generally, the hydraulic conductivity is a constant when
the soil is saturated, but is variable when the soil is variably saturated. The saturated
hydraulic conductivity K. for the conceptual soil matrix is obtained from the Rosetta
database (U.S. Department of Agriculture, 2019), while the relative permeability k; is
predicted by the corresponding VG parameters.

The soil porosity values are also obtained from the Rosetta database (Table 1) (U.S.
Department of Agriculture, 2019). Bulk densities for the different soils were obtained from

Zeri et al (2018). The specific storage S; is calculated by:

Ss = Pw(Ttagt + NBuw) (17)
n is the porosity [dimensionless]. The water density py is 1000 kg/m>. The acceleration
of gravity g is 9.8m/s?. The compressibility of water By is 4.4*10'° m*s®/kg. The
compressibility of aquifer oaqr [LT*M™'] for different soil types is predicted by Younger
(1993) (Table 1). The calculated S values are also shown in Table 1.
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Table 1. Soil matrix hydraulic parameters used in conceptual models

Conceptual soil type Sandy loam Silty loam Clay loam
Ksat (M/s)™] 7.44E-05 4.43E-06 1.71E-06
Ss (mHH 9.96E-05 9.82E-04 9.80E-03
Porosity (dimensionless)!! 0.375 0.387 0.459

Swr (dimensionless)[t! 0.141 0.1 0.214

o (m)iH 3.53 2.67 1.5

i 3.18 1.45 1.25

bulk density (kg/m?)[ 1550 1500 1450
aquifer compressibility 1.00E-08 1.00E-07 1.00E-06
(m*s?/kg)E!

[1] Retrieved from Rosetta database (U.S. Department of Agriculture, 2019)
[2] Retrieved from Zeri et al (2018)
[3] Retrieved from Younger (1993)

4.2.1.2 Macropore Parameters
The hydraulic parameters for both the macropores and the interface between the macropores
and the soil matrixes are required for simulation.

Frey (S. Frey, personal communication, March 28", 2021) measured the variation of
the volumetric fraction of macropores w4 within the cropped and riparian soils at the WEBS
field during different seasons and reported that wq varies from 0.002 to 0.034. Generally, wq
is greater in fall but smaller in spring. In order to simplify the simulation, mq is set to be
0.005 for all conceptual models unless stated otherwise.

Unlike the soil matrix, the macropores have strong hydraulic anisotropy. Macropores
tends to extend vertically and may have greater influence on the water movement in vertical

direction than in the horizontal or transverse direction. To simplify the simulation, the
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saturated hydraulic conductivity Ksa in vertical direction is assumed to be 10 times of that in
the horizontal or transverse direction The hydraulic parameters for the macropores are shown
in Table 2 (Frey et al., 2016; S. Frey, personal communication, March 28™, 2021), which are

identical among the three conceptual soils.

Table 2. Macropore parameters used in conceptual models

Macropore parameters default value
Ksat, x 1
Ksat (M/s) 1 | Ksat,y 1
Ksat,z 10
Ss (m™) [ 1.00E-04
0s (dimensionless) [ 0.9
Swr (dimensionless) 2 0.05
o (m?) @ 25
B (dimensionless) 2! 35
bulk density (kg/m3) ™! 265
tortuosity 0.76
(dimensionless) [
first-order fluid exchange | 50
coefficient awg (m's™)?!

1] Retrieved from S. Frey (personal communication, March 28", 2021
y (p

[2] Retrieved from Frey et al. (2016)

For the hydraulic properties of the interface between the macropores and soil matrix,
the VG parameters and interface hydraulic conductivity K. are considered (Table 3). In this

research, the interface VG parameters are assumed to be the same as the soil matrix VG
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parameters. Meanwhile, the linings of the macropores may impede lateral water flow. Hence,

the interface hydraulic conductivity K, is set to be 1/10 of the saturated hydraulic

conductivity Ksa of the soil matrix.

Table 3. Interface hydraulic parameters used in conceptual models

Conceptual soil type Sandy loam Silty loam Clay loam
Swr, interface (dimensionless)™ | 0.141 0.1 0.214
dinterface (M) 3.53 2.67 1.5
Binterface (dimensionless)t! 3.18 1.45 1.25

Ka (M/s) 7.44E-06 4.43E-07 1.71E-07

[1] Retrieved from Rosetta database (U.S. Department of Agriculture, 2019)

4.2.1.3 Surface Parameters

The ground surface roughness coefticients and surface storage of water are considered in the
simulations. For the current research, the overland domain is divided into four zones with
different hydraulic and geological properties, including the Stream bed, Bank riparian, Edge
of field riparian, and Field surface. The corresponding surface parameters are shown in Table

4 (S. Frey, personal communication, March 28", 2021).

Table 4. Surface hydraulic parameters used in conceptual models

Stream | Bank Edge of | Field
Bed Riparian | Field Surface
x friction [L°T] 0.01 0.11 0.08 0.03
y friction [L™*T] 0.01 0.11 0.08 0.03
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obstruction storage height | 0.0001 | 0.001 0.001 0.001
(m)

rill storage height (m) 0.0001 | 0.001 0.001 0.001
coupling length (m) 0.02 0.02 0.02 0.02

Retrieved from S. Frey (personal communication, March 28, 2021)

4.2.2 Soil Parameters for Field Model

Widurska (I. Widurska, personal communication, March 28", 2021) measured the soil matrix

and macropore parameters in the WEBS field site. Unlike the conceptual 1D and 3D models,

the Field model has soil matrix and macropores that are divided into zones with different

hydraulic properties. The soil matrix of the Field models is divided into 6 zones, including A

horizon (corn), A horizon (riparian), B horizon(corn), B horizon (riparian), C horizon, and

Stream bed topsoil (Figure 24). The soil matrix parameters for each zone are shown in Table

5 and are based on the field investigations completed at the WEBS site by Widurska (2020).

The SWRC of different soil zones in the WEBS site are shown in Figure 5b. Generally, the

soil matrix in the Field model is similar with that of the clay loam selected for the conceptual

3D and 1D flow model, but with higher values of hydraulic conductivity and Van Genuchten

alpha values.

Table 5. Soil matrix parameters used in the Field model

Field model B Horizon | B Horizon | Stream A Horizon | A Horizon
C Horizon

parameters (Riparian) | (corn) topsoil (Riparian) | (corn)

Hydraulic

conductivity, Kiso | 4.00E-06 | 4.00E-06 |2.70E-06 |5.60E-06 | 7.00E-06 | 4.00E-06

(m/s)
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Specific storage

. 1.00E-04 | 1.00E-04 |1.00E-04 | 1.00E-04 |1.00E-04 | 1.00E-04

(m™~)
Porosity

0.53 0.47 0.39 0.8 0.61 0.5
(dimensionless)
Van Genuchten
Residual 0.1 0.06 0.04 0.12 0.09 0.09
Saturation, Oy
Van Genuchten

0.02 0.02 0.03 0.03 0.01 0.01
alpha, a (m™)
Van Genuchten
beta, 1.31 1.45 1.35 1.31 1.44 1.51
(dimensionless)
Bulk Density

1200 1400 1600 600 1070 1320
(kg/m®)

Retrieved from I. Widurska (personal communication, March 28, 2021)

Similarly, the macropore network is divided into 5 zones including Surface (field),

Surface (riparian), Bench (field), Bench (riparian), and the Sandy layer. Bench refers to an

excavated face during field data collection. I. Widurska (personal communication, March

28™ 2021) measured the volumetric fraction and suggested interface hydraulic conductivity

values for each macropore zone in the field, which are shown in Table 6. The other

macropore parameters used in the Field model are the same as the HGS default values

presented in Table 2.

Table 6. The macropore parameters used in the Field model
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Field model Bench Bench Surface Surface Sandy

macropore (Riparian) | (Field) (Riparian) | (Field) layer

Volume fraction
dual medium 0.012 0.007 0.011 0.007 0.004

(dimensionless)

Interface K (m/s) | 1.41E-07 | 1.41E-07 |1.41E-07 | 1.41E-07 | 1.41E-07

Retrieved from I. Widurska (personal communication, March 28", 2021)

The ground surface of the Field model is divided into 4 zones, which include Stream
bed, Slope riparian, Main riparian, and Field. Generally, the surface domain of the Field
model has similar hydraulic properties with the conceptual 3D flow model (Table 4). One
exception is the Main riparian zone, whose Manning roughness coefficients in x and y

directions, are both elevated to 0.11 m™s.

4.2.3 Agricultural Tile Parameters
The agricultural tiles are treated as 1D horizontal pipes without pipe sidewall thickness in the
HGS model. The tile diameter is set to be 0.1 m in this research, which is the conventional
standard for the inner diameter of an agricultural tile (Welling, 1997). The coupling length
and coupling conductivity for 1D pipe flow are required when performing dual continuum
calculation. According to HGS default database, the coupling length is 10* m and coupling
conductivity is 1 m/s, which is a conceptual length required by HGS program to calculate tile
fluxes.

In this research, the agricultural tiles do not reach the bank slope and intersect with the
ground surface. A conceptual discharge node is set manually at the end of the tile near the
bank. The boundary condition is set to be simple drain in HGS program, which refers to the

drain flux drainage boundary condition (Aquanty, 2015).
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4.2.4 Precipitation and Evapotranspiration Data

Three transient precipitation scenarios are considered in this research. The first scenario is
the wet weather during spring, which is represented by a conceptual 10-day storm event. The
second scenario is the dry weather in summer, which is represented by a conceptual 21-day
storm event. The third scenario is the long-term field precipitation condition, which is
recorded in WEBS site over the spring, summer and fall seasons. The conceptual 10-day
storm event and 21-day storm event are used to study the mechanism of water and gas
transport in soil under single precipitation events. In order to simplify the analysis, only the
10-day storm simulation is performed in the investigation of different factors that may
influence soil degassing. The 21-day storm simulation is performed to investigate the
difference of water and gas transportation under wet and dry weather. The precipitation rates
in the conceptual 10-day and 21-day storm events are set manually. S. Frey (personal
communication, March 28%, 2021) reported the precipitation in WEBS site from May to
October in 2018. It is suggested that the magnitude of the average precipitation rate is 10
m/s and that of the peak precipitation rate is 10° m/s. In order to observe an obvious
variation in water saturation, the precipitation rate in the Initial stage in the 10-day storm
event is set to be 8*107® m/s, which is about 1/6 of the precipitation rate in the Storm stage.
Table 7a and 7b show different weather stages and their corresponding precipitation rates for
the conceptual 10-day and 21-day storm events. The evapotranspiration was considered to be
negligible in the single event scenarios but was incorporated into the long-term field

precipitation simulations.

Table 7. The variation of precipitation rate in the conceptual 10-day and 21-day storm events

(a) 10-day storm event

Stage Time duration Precipitation rate (m/s)

Initial stage Day 1 8*1078
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Storm stage Day 2~3 4.6%107
Recover stage Day 4~8 8*10®
Drainage stage Day 9~10 0

(b) 21-day storm event

Stage Time duration Precipitation rate (m/s)
Initial drainage stage Day 1~10 0

Storm stage Day 11 4.6%107

Drainage stage Day 12~21 0

To maintain a relatively high initial soil water saturation at the start of the 10-day storm
event, an initial simulation period was required before the 10-day storm simulation. The
purpose of the initial simulation is to make sure the soil is in hydraulic equilibrium at the
beginning of the storm simulation. In the initial simulation, the initial hydraulic head is set to
be 2 m in elevation. The precipitation rate and the duration are set to be 8*10® m/s and 10
days respectively. At the end of the initial simulation, all modeled domains reach hydraulic
equilibrium with 0 net water exchange. The hydraulic condition from the last run of the
initial simulation is used as the initial condition in the 10-day storm simulation.

The same initial simulation is also performed before the 21-day storm simulation,
which provides initial water saturation condition for the later storm simulation. The Initial
drainage stage (Table 7b) is set to permit the soil profile to drain and create drier soil
conditions to represent the summer weather. Unlike in the 10-day storm simulation, the
Storm stage may start when the soil has not yet reached complete hydraulic equilibrium in
the 21-day storm event.

Besides the conceptual 10-day and 21-day storm events, a field precipitation record in
the WEBS field site is used to estimate the soil gas emission during a long period with

multiple and highly variable precipitation events. I. Widurska (personal communication,
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March 28", 2021) reported that the temperature as measured at the WEBS field site between
November and April in 2018 is generally lower than 0 °C (Figure 6). Hence, the soil may
freeze during winter and spring, which would likely impede the gas exchange between the
soil and the atmosphere. In this research, only the soil GHG emission from summer and fall
are considered for the long-term simulation using the field precipitation and

evapotranspiration record.
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Julian Day - Year 2018

Figure 6. Precipitation and temperature records for the WEBS site in 2018. Retrieved from I.
Widurska (personal communication, March 28", 2021). The solid black line refers to
the maximum average daily temperature. The dashed black line refers to minimum
average daily temperature. The blue bars refers to the precipitation.

The precipitation and potential evapotranspiration (PET) data reported by S. Frey
(personal communication, March 28", 2021) from May to October 2018 are used in the long
term simulation (Figure 7a and 7b). The leaf area indices (LAI) provided by Kross et al.
(2013) and Mitchell et al. (1998) are used to estimate the transpiration with corn vegetation

and riparian vegetation respectively (Figure 7c¢).
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Figure 7. Precipitation and evapotranspiration parameters used in the Field model. (a)
Precipitation record in WEBS site. Retrieved from S. Frey (personal communication,
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March 28%, 2021). (b) Potential evapotranspiration record in WEBS site. Retrieved
from S. Frey (personal communication, March 28", 2021). (c) Leaf area index data for

corn fields and riparian zones. Retrieved from Kross et al. (2013) and Mitchell et al.

(1998). Day 1 refers to May 1, 2018 and Day 184 refers to October 31, 2018.

Except for the LAI data and root growth parameters, the other parameters used in the
evapotranspiration calculation for two vegetation types are the same (Table 8). In the
simulation, the corn is treated as temporary vegetation that has root growth from the
beginning of the simulation to the end of September (Day 152).The riparian zone is
considered as a steady system that has less variation on root depth. Overall, it is meaningful
to consider the vegetation types in the simulation, which may have influence on the water

saturation variation and soil GHG emission.

Table 8. Evapotranspiration parameters for different vegetation types

Parameters Corn field Riparian zone
wp -150 -150
fc -3 -3
pressure head |0 -0.1 -0.1
(m) an -0.01 -0.01
el -0.2 -0.2
e2 -2 -2
Lm (M) 0.9 0.9
Lo (m) 0.1 0.9
C1 0.19 0.19
C 0.19 0.19
Cs 1 1
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canopy storage parameter

Retrieved from S. Frey (personal communication, March 28", 2021)
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Chapter 5

Results and Discussions

This research includes four numerical models, which are different in size, surface landform
and soil zone division. The first is a conceptual 3D flow test model (3D model) that is
designed to provide a general view of the soil responses to the specified precipitation events
driving the simulations. The second is a conceptual 1D-flow model (1D model) that is used
to investigate the influence of the macropores on soil water and GHG mobility under a
variety of conditions. The third is a 3D Field model, which represents the WEBS field site
conditions. The fourth is a 3D Flat-surface field model (Flat Field model) that is modified
from the original 3D Field model. The Flat Field model is specifically designed to investigate

the influence of land surface topography.
5.1 Conceptual 3D Flow Test Model

5.1.1 Model Description

The initial conceptual 3D flow test model (3D model) was based on an HGS model
developed by Dr. Steve Frey and provided as the starting point for the current simulations.
The length of the model is 100 m and the width is 14 m. The variation of the height of the
model surface is shown in Figure 8. The modelled domain receives precipitation along the
top surface and discharges laterally through an exit boundary from x=0 m to 10 m.

Figure 8a shows the 3D flow test model domain. The model is divided into 801
columns and 61 rows. Figure 8b, c, and d show the geometry of the soil matrix, macropores,
and overland domains. Unlike the soil matrix and macropore domains that are treated as
unstructured domains, the overland domain is subdivided into four zones with different
hydraulic properties, including the Stream bed, Bank riparian, Edge of field riparian, and
Field riparian (Figure 8d). An agricultural tile is included in the original 3D flow test model.

It 1s situated in the middle of the domain and is 0.1 m in radius.
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(d)
Figure 8. Finite element grid (a) and the zonation for soil matrix (b), macropores (c) and

ground surface (d) for conceptual 3D flow test model. All graphical units are in (m).

Three common soil types with different hydraulic properties are used in the 3D flow
test model, which include the sandy loam, silty loam, and clay loam. Several different
combinations of the soil matrix, macropores, and agriculture tile positioning are tested in the
simulation experiments to investigate the effects of each soil system component on soil water

and gas occurrence and mobility.
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5.1.2 Model with Only Soil Matrix

In this first set of simulations, the soil profile is considered to consist of a massive and
homogeneous soil matrix with neither the macropores nor tiles being considered in the
numerical experiments.

During the conceptual 10-day storm simulation, the silty loam and the clay loam
remain fully saturated. The water saturation only varies in the sandy loam. The variation rate
of the water volume (m3/s) in the soil matrix (PM) are plotted respectively in Figure 9a.
When the Storm stage starts, PM does not reach the peak value immediately in the sandy
loam. Similarly, the discharge of water in the soil matrix is retarded when the precipitation
drops to the rate before the storm (Recover stage). When the precipitation ends, PM starts to
drop at a relatively constant rate.

Figure 9b indicates the variation of water accumulation rate in the overland domain
(OVERLAND) and the water discharging rate through the outer boundary (OUTBC).
Generally, the silt loam behaves the same as the clay loam. For these two soils, OVERLAND
and OUTBC values increase sharply when the precipitation event begins. Later, the
OVERLAND value falls back to zero while OUTBC value remains high and constant. As the
precipitation rate drops back to the initial value, OVERLAND curve decreases to negative
values, which indicates that water discharges out from the overland domain reducing stored
surface water. In the Recover stage, both OVERLAND and OUTBC tend to return to their
original levels. Finally, when the precipitation ends, the overland domain discharges again
and the OUTBC value decreases progressively for the silty loam and clay loam. For sandy
loam, similar variation tendencies on OVERLAND and OUTBC curves are observed.
However, there are two peaks in the OVERLAND curve and a delay on the increase of

OUTBC curve in the Storm stage in the permeable sandy loam.
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Figure 9. (a) Water storage variation in soil matrix when only considering the soil matrix
during the 10-day storm simulation. (b) Overland storage variation and the outer
boundary flow variation when only considering the soil matrix during the 10-day storm

simulation.

Under the imposed initial conditions, there is no change is storage within the
subsurface for the silty loam and the clay loam scenarios because the matrix is essentially
fully saturated throughout the simulation. The lag of PM variation in the sandy loam might
result from the low hydraulic conductivity in the unsaturated zone, which impedes the water
movement through soil matrix. After reaching the peak, PM curve drops due to the decrease
of the pore space that can accept water. Figure 10 shows the variation of the soil wetting
curve with time. Freeze and Cherry (1979) suggested that the water saturation change does
not increase linearly with time or depth. During the late stage of wetting, few voids are left in
the soil matrix. Subsequently, as the shallow soil becomes fully saturated, the downward
infiltration of water may be retarded and the water storage in the Overland domain may

increase. Hence, there is a second peak of the PM curve in sandy loam.
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Figure 10. Soil wetting curves. Retrieved from Freeze and Cherry (1979).

The results of the conceptual 21-day storm simulation are shown in Figure 11a and 11b,
which imitates a drier soil condition during summer. In this simulation, the water saturation

varies dramatically in permeable soil like sandy loam, but only slightly in less permeable

soils like silty loam and clay loam.
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Figure 11. (a) Water storage variation in soil matrix when only considering the soil matrix

during the 21-day storm simulation. (b) Overland storage variation and the outer

boundary flow variation when only considering the soil matrix during the 21-day storm

simulation.
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Like the results of the 10-day storm simulation that represents wetter soil conditions,
the sandy loam has the greatest water storage variation. Delays of the increase of
OVERLAND curve and the decrease of OUTBC curve for the sandy loam curve are also
observed. Meanwhile, the OVERLAND curve of the sandy loam has two peaks during the
Storm stage. The mechanism of soil water transport under dry soil conditions is similar to
that under the wetter conditions. Although the storms last for 1 day in both the 10-day and
21-day simulations, the soil tends to have lower water saturation in the 21-day simulation
because there is more open pore space for the soils to accept the infiltrated water, which leads

to greater water storage increase under these drier conditions.

5.1.3 Model with Soil Matrix and Macropores

In this second set of simulations, macropores are included within the upper 1 m of the
domain as indicated in Figure 8c. Again, no tiles are included. During the 10-day storm
simulation, all modelled profiles are initially partially saturated as a result of the influence of
the macropores and variations in water accumulation rate in both the soil matrix (PM) and
macropores (DUAL) are observed for the three soil types.

PM and DUAL curves reach their peaks or valleys instantly after the precipitation rate
changes (Figure 12a). Compared with PM curves, the Dual curves have negligible variations.
Generally, the sandy loam tends to have a larger increase in PM and smaller increase in
DUAL since water mainly passes through the matrix instead of the macropores in the more
permeable soil. However, one exception is the PM value for the sandy loam when
precipitation drops from peak value to the initial value. The valley of PM curve for the sandy
loam is shallower than that for the silty loam or clay loam, which indicates that the sandy
loam has the lowest initial discharging rate in soil matrix when precipitation is diminished.
This likely reflects the rapid draining characteristics of the macropores that are very active
within the silt and clay loams.

No water accumulation in overland domain is observed because all modeled domains
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remain partially saturated and can accept all of precipitation during the course of the
simulation periods (Figure 12b). In the Storm stage, OUTBC curves reach their lowest points
when the precipitation rate begins to drop. Generally, the permeable soil has low absolute
OUTBC values in the Storm stage, but high absolute OUTBC values in the Recover stage

and drainage stage.
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Figure 12. (a) Water storage variation in soil matrix when considering both the soil matrix
and macropores during the 10-day simulation. (b) Overland storage variation and the
outer boundary flow variation when considering both the soil matrix and macropores

during the 10-day simulation.

The fluctuations of DUAL curves may indicate the frequent water exchange between
the soil matrix and macropores. They may also be simulation errors. Generally, the
macropores occupy small volumetric space within the soil and have limited influence on the
total water accumulation variation.

The instant responses of PM and DUAL to the precipitation change result from the
elevated drainage capacity of the macropores. Macropores enhance the drainage capacity of
the soil and enable more water to enter the soil instead of draining as surface flow.

Subsequently, the PM peak is higher and the PM valley is deeper for the same soil in the
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simulations that incorporate macropore flow.

The clay loam and silty loam are less permeable than the sandy loam and have less
water storage variation during the Storm stage. However, even small changes in PM can
result in significant variations in the water saturation and the water table location in less
permeable soils. Hence, the silty loam and clay loam have higher water tables at the end of
the Storm stage, which leads to higher lateral hydraulic gradients, which influences the
discharge rates. Therefore, the magnitude of variability of both the PM and OUTBC curves
for the silty loam and clay loam are higher than that for the sandy loam (Figure 12a and 12b).
As the soils drain and the difference between the water table elevations in the different soils
diminish, the drainage rate in the sandy loam surpass those in the silty loam and clay loam
due to the high hydraulic conductivity of the sandy loam.

OUTBC values do not reach a constant rate during the Storm stage for the three soils,
which is different from what was observed in the previous scenario without the macropores.
The results show that all three soil types remain partially saturated in the soil matrix
throughout the simulations. The precipitation infiltrates directly into the matrix and moves
through the macropores so that there is no increase in surface water storage.

Similar behavior for the PM, DUAL, OUTBC, and OVERLAND rates are observed in
the results of the 21-day storm simulation (Figure 13a and 13b). Under dry conditions, the
sandy loam has the greatest water storage increase during storm, while the clay loam has the
lowest. Compared with the results of the 10-day storm simulation, the amount of water
storage increase in the Storm stage is greater in the 21-day storm simulation, which may be

related with the lower initial water saturation of soil.
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Figure 13. (a) Water storage variation in soil matrix when considering both the soil matrix
and macropores during the 21-day simulation. (b) Overland storage variation and the
outer boundary flow variation when considering both the soil matrix and macropores

during the 21-day simulation.

5.1.4 Model with Soil Matrix, Macropores, and an Agricultural Tile

In addition to both the soil matrix and macropores being represented in this scenario, an
agricultural tile is set in the middle of the test domain at the elevation of 2 m (1 m deep). The
tile extends from x =20 m to x = 100 m.

During the 10-day storm scenario, all modeled domains remain partially saturated
during the entire period of the the simulations. The initial water table is lower than those
found in simulations without tiles. Generally, the PM, DUAL, OVERLAND and OUTBC
curves behave similarly to those in the previous 3D model with soil matrix and macropores
(Figure 14a and 14b) and the shape of PM curves are all convex. Dense fluctuations of PM

curve in the clay loam is observed, which may be minor numerical instability.
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Figure 14. (a) Water storage variation in soil matrix when considering the soil matrix,
macropores, and agricultural tile during the 10-day storm simulation. (b) Overland
storage variation and the outer boundary flow vitiation when considering the soil

matrix, macropores, and agricultural tile the 10-day storm simulation.

The deepened valley for the sandy loam may be attribute to the enhanced soil drainage
by the agricultural tile. The tile connects the vertical macropores and provides a pathway for
the macropore flow to discharge and the water storage variation in the soil matrix is reduced
since less water will be retained. Subsequently, the OUTBC value in the sandy loam during
the Storm stage increases because less water is held in soil. The tile is able to control the
water storage and may reduce the fluctuation of water saturation under wet weather (10-day
storm simulation). Hence, the PM valley for the sandy loam becomes the deepest due to the
strongest drainage capacity. Compared with the results of the pm-dual systems during the 10-
day storm simulation, the influence of tile on the PM and OUTBC curves for silty loam and
clay loam is negligible in the pm-dual-tile system, which might be due to the high water
retention capacity of the soil matrixes.

Similar variation tendencies of the PM, DUAL, OUTBC and OVERLAND curves are

found in the results of the 21-day storm simulation (Figure 15a and 15b). Under drier
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conditions, the reduced soil water saturation before the storm enables the soil to absorb more
infiltrated water. The tile appears to have a minor influence on the water storage variation in

less permeable soils under dry conditions.
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Figure 15. (a) Water storage variation in soil matrix when considering the soil matrix,
macropores, and agricultural tile during the 21-day storm simulation. (b) Overland
storage variation and the outer boundary flow vitiation when considering the soil

matrix, macropores, and agricultural tile the 21-day storm simulation.

5.1.5 General Comparison
The results of the 10-day storm simulation (wetter climatic conditions) and the 21-day storm

simulation (drier climatic conditions) are plotted and compared by soil type in Figure 16 and

17.
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Figure 16. Comparisons of PM and DUAL curves between different soils during the 10-day

storm simulation. (a) Sandy loam, (b) silty loam, and (c) clay loam.
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Figure 17. Comparisons of PM and DUAL curves between different soils during the 21-day

storm simulation. (a) Sandy loam, (b) silty loam, and (c) clay loam.

In both the 10-day and 21-day storm simulations, the three soil scenarios (pm-only, pm-
dual, and pm-dual-tile systems) with the sandy loam matrix have obvious water storage
variation. These storage change trends are less obvious for the lower permeability soils due to
the higher initial soil water contents. Overall, the macropores appear to enhance the water
storage change during the precipitation events. More water enters the soil, more soil gas is

released to the environment. Hence, it is predicted that the macropores can enhance the soil
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GHG emission in all three conceptual soils.

Although the agricultural tile can be considered as an artificial macropore that can
enhance soil drainage, it appears to play different roles in the two storm simulations. In the
10-day storm simulation, it diminishes the water storage increase during storms and leads to
a weaker soil degassing in the pm-dual-tile system compared with the pm-dual system. In the
21-day storm simulation, however, a contrary condition occurs. The agricultural tile lowers
initial soil water saturation and more space is available to accept infiltrated water during the
storm event compared with the soil system without tile. Subsequently, higher soil degassing
is expected for the pm-dual-tile system under the drier conditions.

The tile effect is more pronounced in permeable soils than in less permeable soils. For
soils that are less permeable, no significant difference is observed among the PM curves in
different soil systems. Hence, the promotion of water storage variation by the tile appears
weaker in less permeable soils. Overall, the role that the agricultural tile plays in soil water
and gas mobility is influenced by the water saturation condition and water drainage capacity

of the soil.

5.2 Conceptual 1D Flow Model

5.2.1 Model Description
In order to further investigate the influence of the macroporosity on soil water and gas
mobility, a conceptual 1D flow model is constructed using the HGS framework. .

Figure 18a shows the domain discretization. The conceptual 1D flow model is divided
into 200 blocks in z-direction. Figure 18 b, c, and d show the geometry of the soil matrix,
macropores, and overland domains of the conceptual 1D flow model. The agricultural tile is
excluded in the model. Indeed, the 1D model represents a soil cell right above a tile, where
the water movement is dominated by vertical flow. Only vertical flow is considered in this
model. Incident precipitation enters through the top surface and leaves from the bottom

boundary of the domain. No surface runoff is considered in the conceptual 1D flow model.

52



1D model - mesh

1D model - matrix

porous media

o8

06

04

02

85 >

(a)

(b)

1D model - macropores

macropore

a8

08

04

02

a5 >

1D model - surface

Surface

(©)

(d)

Figure 18. Finite element grid (a) and the zonation for soil matrix (b), macropores (c) and

ground surface (d) for conceptual 1D flow model. All graphical units are in (m). The

1D flow model is a cubic.

Three soil types are used in the conceptual 1D flow model, including the sandy loam,

silty loam, and clay loam, which are the same as those used in the 3D conceptual models.

The influence of macropore volumetric fraction, which is the portion occupied by

macropores by the total porosity, on soil gas mobility is investigated. I. Widurska (personal




communication, March 28", 2021) suggested that the macropore volumetric fraction varies
with the annual seasons from 0.005 to 0.03 in the WEBS field site. Generally, the macropore
volumetric fraction is small in spring and larger in fall. In this research, three macropore
volumetric fractions are considered including 0.005, 0.01, and 0.02, which are assumed to
represent the macropore conditions in spring, summer, and fall respectively. To simplify the
analysis, only the 10-day storm scenario is investigated with the 1D flow model. The
simulation results of the 1D flow model may provide a general view of seasonal variation of

macropore characteristics on soil gas mobility.

5.2.2 Model with Different Volumetric Fractions

Figure 19 indicates the water accumulation rate change with time in the 1D flow model for
the three different macropore volumetric fractions and soil matrix types. In the 1D model
simulations, the silty loam appears to show the most water volume change in the matrix when
the precipitation rate changes. This finding contradicts with the results of the 3D test model,

where the sandy loam had the greatest water volume change.
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Figure 19. Comparison of PM and Dual curves for different soils under same macropore

volumetric fraction. (a) Sandy loam, (b) silty loam, and (¢) clay loam.

Such contradiction may be caused by the high drainage capacity of the sandy loam
matrix. Figure 20 shows the seepage rate through different soils. For all three simulations
with different macropore fractions, the sandy loam has higher seepage than the silty loam.
The results suggest that water tends to drain more rapidly out of the sandy loam as expected
and the increase in soil water storage small. The silty loam is less permeable, drains slower
and 1s able to store more infiltrating water. Therefore, the increase of water storage in the
silty loam is higher than that in the sandy loam during the storm. Though the clay loam has
low drainage capacity as well, it has the highest water saturation before the storm. To
simulate the water saturation condition in the 1D flow model, two observation points are set
at x =0 m and y = 0 m. The shallow point is at the depth of 0.15 m, while the deep point is at
the depth of 0.45 m. Figure 21 suggests that the water saturation is high at both shallow and
deep observation points in the clay loam. Meanwhile, the conceptual storm event has the
smallest promotion of water storage in the clay loam. Hence, the clay loam has limit space to

accept the infiltrated water and the soil degassing is weak.
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Figure 20. Comparison of seepage curves for different soils under same macropore
volumetric fraction. (a) 0.005 macropore fraction, (b) 0.01 macropore fraction, and (c)

0.02 macropore fraction.
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Figure 21. Soil water saturation at shallow (0.15 m deep) and deep (0.45 m deep) observation
points in the conceptual 1D flow model. (a) 0.005 macropore fraction, (b) 0.01

macropore fraction, and (c) 0.02 macropore fraction.

Another factor that may contribute to the difference between the simulation results of
the 3D and 1D models is the difference in the system size and complexity. In the 1D model,
only the vertical flow is considered. The lateral and transverse transport of water is ignored,
which may lead to the underestimation of the drainage capacity for soils. Meanwhile, the

difference of the model shape and size may also influence the simulation results.
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5.2.3 Model with Different Soil Matrixes

The water accumulation rate changes in the matrix and macropores with different macropore

fractions in the same soil types are shown in Figure 22. For the sandy loam and silty loam,

the influence of macropore fraction variation on water storage variation is negligible. For the

clay loam, a slight increase of DUAL value is observed when the macropore fraction

increases. However, the change in PM value with the macropore fraction is negligible.
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Figure 22. Comparison of PM and Dual curves for the same soil under different macropore
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Overall, the water accumulation rate in the matrix does not seem to be very sensitive to
the macropore fraction changes between 0.005 and 0.02 for the three simulated soil types.
The water accumulation rate in the macropores is more likely to be influenced by the change

of macropore fraction. The less permeable the soil matrix is, the more significant such

influence will be.
5.3 Field Model

5.3.1 Model Description

I. Widurska (personal communication, March 28", 2021) built a 3D flow field model (Field
model) based on the data measured at the WEBS field site. This model was adopted in the
current research to examine a set of field-based simulations. The length of the field model is
30 m and the width is 14 m. Unlike the 3D flow test model that has a flat ground surface, the
Field model has some surface topography as illustrated in Figure 23 and 24. The relative
elevation for the flat field area is 3.17 m and a berm and drainage face are set along left side
of the model (from x = 0 m to x = 10.5 m), with a relative elevation ranging from 1.5 m to
3.48 m. The surface topography represents measurements made at the WEBS field site. A tile
is included in the Field model at y = 0 m and extends from extending from x = 6.5 m to 30 m,

whose elevation is 2.5 m (about 0.67 m deep).
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Figure 23. The field profile at WEBS field site. Modified from I. Widurska (personal
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communication, March 28™, 2021).

The stratigraphic zonation adopted for the Field model is shown in Figure 24. The Field
model is divided into 802 columns and 61 rows (Figure 24a). Based on field information
obtained by I. Widurska (personal communication, March 28", 2021) a thick clay layer (C
horizon) forms the lower stratigraphic unit, overlain by the B and A soil horizons. The
riparian area is also divided horizontally and vertically in the vicinity of the berm area and
sloped left lateral boundary (Figure 24 b). The zonation adopted for the macropore
representation is illustrated in Figure 24c, which also reflects field observations. The shallow
subsurface is subdivided into Surface and Bench zones in both riparian and field area. The
bottom of the macropore domain is a sandy unit. The surface domain has been subdivided
into 4 areas with varying characteristics to represent the conditions observed in the field

(Figure 24d).
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Figure 24. Finite element grid (a) and the zonation for soil matrix (b), macropores (c) and

ground surface (d) for 3D flow Field model. All graphical units are in (m).

The hydraulic parameters used in the Field model are either derived from
measurements made by 1. Widurska (personal communication, March 28", 2021) at WEBS
field site or derived from the literature as outlined in detail in the Methods section. The soil
heterogeneity is considered in the Field model and each soil zone has different hydraulic
properties.

5.3.2 Model with Soil Matrix, Macropores, and an Agricultural Tile

In the Field model, the hydraulic conductivity varies from 2.7*10° to 7#10 m/s (L.
Widurska, personal communication, March 28™ 2021). The volumetric fraction of
macropores varies from 0.004 to 0.012. Generally, the surficial zones in the Field model have
greater hydraulic conductivity and macropore volumetric fraction (Table 5 and 6).

To simplify the analysis, only the 10-day storm simulation scenario is investigated with
the Field model (Figure 25). Similar with the conceptual 3D flow test model, the water
storage variation in the soil matrix is greater than that in the macropores. However, the

fluctuation of total water storage variation in the Field model is weaker than that in the

61



conceptual 3D flow test model during the same storm event. Several differences appear

between the results of the Field model and the 3D flow test model.
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Figure 25. Water storage variation in the soil matrix (a) and macropores (b) of the Field

model in the 10-day storm simulation (wet weather).

First, water ponding appears in the soil matrix. Figure 26 shows the water saturation

contours in the soil matrix before the conceptual storm event. The water saturation does not

increase monotonically when the depth increases. The location of the less saturated interlayer

corresponds to the interface between the A horizon (riparian) and the B horizon (riparian) in

the Field model.
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Figure 26. Water saturation contour in the soil matrix of the Field model before the Storm

stage.

Second, the introduction of macropores to the soil system for the field case does not
appear to enhance the water storage change in PM as greatly as it does in the 3D flow test
model. The PM curves for the system with only soil matrix (pm-only system) and the system
with soil matrix and macropores (pm-dual system) are close and overlap most of the time
(Figure 25). On the contrary, the water storage variation in both the soil matrix and
macropores increases greatly when the agricultural tile is added to the soil system (pm-dual-
tile system). In the conceptual 3D flow test model, however, the agricultural tile does not
significantly influence the water storage increase during the storm (Figure 16).

The water ponding may result from the soil heterogeneity. Since the underlying B
horizon (riparian) has lower hydraulic conductivity than the A horizon (riparian), the
infiltrated water may be impeded by the less permeable B horizon (riparian) and accumulate
on the contact surfaces. Meanwhile, the water ponding may retard the water infiltration and
create a higher water saturation in the surficial soil. Thus, the water infiltration may be
impeded and the water storage variation in the Field model becomes smaller.

The addition of macropores to the system does not appear to enhance the water storage
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variation in soil matrix greatly in the Field model, which may result from the co-effect by the
water saturation condition and the soil heterogeneity. The simulation results suggest the
majority of the soil matrix and macropores are saturated in the pm-only system and pm-dual
system before the Storm stage. Such finding suggests that the addition of macropores to the
soil system may not be enough to cause observable influence on the water storage variation.

The promotion of water storage variation in the soil matrix by the cooperation of
macropores and agricultural tile is shown in the pm-dual-tile system for the Field model. In
the pm-dual-tile system, the water saturation in both soil matrix and macropores before the
storm is significantly lower than that in the pm-only and pm-dual systems. Obvious water
saturation variation occurs during the storm. Generally, the tile provides an efficient and
preferred pathway for the soil to drain. The low initial water saturation and enhanced
drainage capacity lead to the greater water storage variation in the pm-dual-tile system.

However, it is hard to determine if a solo tile can increase or decrease the water storage
variation. Either the promotion or the diminishment of water storage variation may result
from the co-influence by the tile and macropores. Generally, the addition of a tile tends to
enhance the water storage variation when the macropore zone has high water saturation, but
reduce the water storage variation when the macropore zone has low water saturation and
drains efficiently.

Generally, the Field model has lower water saturation variation and tends to release less
soil GHG compared with the conceptual 3D flow test model during the conceptual 10-day
storm simulation. The soil heterogeneity appears to lead to water accumulating on the
interfaces between soil zones in the Field model, which may impede the water infiltration
and diminish the water storage increase during the storm. The addition of macropores to the
field soil system may have a limited influence on the water storage variation solely. However,
the co-appearance of macropores and a tile can enhance the water storage variation greatly.
Hence, it is significant to consider the soil heterogeneity when making soil GHG emission
management plans.
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5.4 Influence of Model Domain Structure

5.4.1 Surface Topography Effect

Besides the soil heterogeneity, the land surface topography may influence the mobility and
interaction between surface water and groundwater during precipitation events. In the field
case under consideration in this study, a small berm exists at the left lateral end of the
modeling domain (Figure 24) and it is hypothesized that this topographic feature may
influence water movement and distribution within the domain depending on the hydraulic
scenario being evaluated.

To investigate the influence of this topographic feature, a modified field model without
the berm is built (All-flat Field). In the All-flat Field model, the top surface beyond the bank
slope is flat and equivalent to the elevation of the field surface in the original Field model
(Figure 27). The All-flat model is divided into 802 columns and 61 rows. Other model
components including the zone division, geological and hydraulic parameters and

precipitation input remain unchanged.
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Figure 27. Finite element grid (a) and the zonation for soil matrix (b), macropores (c) and

ground surface (d) for 3D flow All-flat Field model. All graphical units are in (m).

The result of the original Field model and the All-flat Field model are compared in
Figure 28. Generally, the All-flat Field models follow the drainage pattern of the original
Field model. The water storage variation in the pm-dual-tile system is still much greater than
that of the pm-dual and pm-only systems. As the field surface becomes flat, the water storage

variation in all soil systems decreases.
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Figure 28. Comparisons of the water storage variations in the soil matrix and macropores in
the pm-only, pm-dual, and pm-dual-tile systems of the original Field model and the All-

flat Field model during the 10-day storm simulation.

For PM curves, the original Field model results included a second increase in both the
pm-only and pm-dual systems during the Storm stage and a second decrease in the pm-dual-
tile system during the Recover stage, while the All-flat model did not show this behavior. The
second decrease of the DUAL curve is also shown in the pm-dual-tile system of the original
Field model.

The berm may lead to the increase of water storage increase during the storm. Figure

29 shows water saturation contour in the soil matrix of the two Field models right after the
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storm. At the late stage of the storm, the All-flat Field model is fully saturated and unable to
accept more water. However, the original Field model is still unsaturated at the berm and able

to absorb water.

Field model, pm-dual-tile system z All-flat Field model, pm-dual-tile system z

water saturation contour of the soil matrix I water saturation contour of the soil matrix
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Figure 29. Water saturation contour in the soil matrix of the original Field model (a) and the

All-flat Field model (b) right after the storm.

The second increase and decreases of PM and DUAL curves may also be attributed to
the berm. When the storm starts, the rainfall accumulates on the ground surface behind the
berm and forms surface water ponding. The berm enables the original Field model to have
greater surface water ponding than the All-flat Field domain (Table 9). The surface water
depth in the All-flat model is much smaller than that in the original Field model after the
storm. As the surface water depth increases, the water exchange between the overland
domain and the underground domains is enhanced. Hence, the secondary increase of PM is
observed during the storm. When the storm ends and the precipitation rate drops to the level
before the storm, the water ponded on the ground surface may replenish the soil and partially
offset the water loss. Subsequently, the second decrease of PM and DUAL curves can be

observed in models with great surface water ponding.

Table 9. Water depth in the overland domain right after the Storm stage in the 10-day storm
68



simulation for Field models

Soil system In All-flat Field model (m) In Field model (m)
Pm 0.005 0.143
Pm-dual 0.005 0.161
Pm-dual-tile 0.003 0.019

Generally, the soil with flat field surface tends to have smaller water storage variation
and release less GHG. The topographic effect is more obvious in the soil systems that have
low drainage capacity like the pm and pm-dual systems. However, the impact of the
topographic effect is related with the surface water depth and the water saturation condition
in soils. The surface topographic effect might be negligible when the soil is dry and there is

no surface water ponding.

5.4.2 Soil Heterogeneity Effect

The comparison between the Field model and the 3D flow test model may provide a general
view for differences between heterogeneous soils and homogeneous soils on water mobility
and soil gas emission. However, the two models are different in size, shape, and hydraulic
properties. To investigate the effect of the soil heterogeneity on the fate and mobility of water
further, a homogeneous All-flat Field model (Homo Field) is built. All soil zones in the
Homo Field model are set to have identical properties. The Homo Field model uses the
arithmetic means of the parameters from the heterogeneous All-flat Field model (Hetero

Field), which are shown in Table 10.

Table 10. Soil matrix and macropore parameters used in the Homo Field model

Parameters Field model average

Matrix parameters

Hydraulic conductivity, Kis, (m/s) 4.55E-06
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Specific storage (m™) 1.00E-04

Porosity (dimensionless) 0.55
Van Genuchten Residual Saturation, Or (dimensionless) 0.083
Van Genuchten alpha, o (m™) 2
Van Genuchten beta, § (dimensionless) 1.40
Bulk Density (kg/m?) 1198

Macropore parameters

Volume fraction dual medium 0.008

Interface K (m/s) 1.41E-07

Figure 30 shows the results of the Homo Field model and the Hetero Field model.
Generally, the two model behave similarly. The water storage variation increases
dramatically when the macropores and tile are added to the soil system. Both models have

second increases of DUAL curve in the Storm stage.
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Figure 30. Comparisons of the water storage variations in the soil matrix of the pm-only, pm-
dual, and pm-dual-tile systems for the Homo Field model and the Hetero Field model

during the 10-day storm simulation.

In both the Homo and Hetero Field models, the soil matrix of the pm-only and pm-dual
system is highly saturated during the most time of the 10-day storm simulation. Hence, the
water storage capacity and the soil GHG emission capacity of the pm and pm-dual systems
are low. In these systems, the addition of macropores has limited influence on the water
storage variation regardless of the soil heterogeneity.

For the pm-dual-tile system, both the Homo Field model and the Hetero Field model

become further unsaturated. Thus, the water storage increases greatly during the storm in the
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pm-dual-tile system, because it has more space in the soil to accept rainfall compared with
the pm or pm-dual system. In both the Homo Field model and the Hetero Field model, the
co-influence of the macropores and tile results in an increase in water storage variations.

The Homo Field model tends to have greater water storage variation than the Hetero
Field model, especially in the pm-dual-tile system that has high drainage capacity. This may
be due to the soil heterogeneity. The comparison between the Homo and Hetero Field models
suggests that the decrease of soil heterogeneity may diminish water ponding between soil
zones and enhance the drainage capacity of soil. Hence, the Homo Field model will have
lower water saturation before the storm and be capable to absorb more infiltrating water and
release more soil gas.

However, such findings may not be universal. The soil heterogeneity can either
enhance or reduce the drainage capacity and water retention capacity of soils, which leads to
different water saturation conditions. Therefore, the influence of the soil heterogeneity on the
water storage variation is uncertain. Still, it is significant to consider the role of soil

heterogeneity in controlling both water and soil gas mobility in these types of systems.

5.5 Tile Depth Effect

5.5.1 Tile Depth Effect in Conceptual 3D Flow Test Model
The difference in tile depth may lead to a variation of soil drainage behavior. The relative
elevations from the base of the model are 3m for the ground surface, 1.5 m for the steam bed,
and 2m for the tile (1 m deep) in the 3D flow test model (Deep 3D)(Figure 24). An adapted
3D flow test model is built, with the tile installed at 2.5 m (0.5 m deep) (Shallow 3D). Other
parameters remain unchanged and only one tile is considered in each soil system. The
shallow and deep tiles both connect with the macropore network.

The same three common soil types utilized in the previous 3D test modeling are
considered in these simulations including the sandy loam, silty loam, and clay loam. The

matrix and macropore parameters of each soil type are also the same as those used in the
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original 3D flow test model.
Figure 31 shows the comparison between the results of the Deep, and Shallow 3D
models. The tile is lower than the highest water table in the Deep 3D model. However, the

tile is higher than the water table throughout the 10-day storm event in the Shallow 3D model

(Table 11).
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Figure 31 Comparisons of the water storage variation in systems with different tile depths.

(a) Sandy loam, (b) silty loam, and (c) clay loam.

Table 11. Elevation of water tables in the 3D flow test models (sandy loam) with different tile
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depths

Time (s) 86400 259200 691200 864000
In shallow-tile system (m) | 2.27 2.45 2.41 2.28
In middle-tile system (m) | 2.09 2.2 2.09 2.08
In deep-tile system (m) 1.03 1.04 1.03 1.03

Within the soil matrix, the increase of tile depth results in slightly higher water storage
variation for less permeable soils (Figure 31). The result suggests that soil system with a
deeper tile has lower water saturation before the storm. Thus, more water is accepted in the
deep-tile system during the storm.

However, the soil degassing from the matrix in the Shallow 3D model exceeds that in
the Deep 3D model in the permeable sandy loam, likely due to the elevation of water table
(Figure 31). In the Shallow 3D model for sandy loam, the tile is above the water table during
the entire simulation. Hence, the shallow tile is less involved in groundwater movement and
the drainage capacity of the soil is lower overall. Therefore, for the permeable sandy loam,
the Shallow 3D model has greater water storage increase during the storm then the Deep 3D
model.

In the macropores, the water storage variation is negligible for both Deep and Shallow
3D models. The influence of the tile depth variation is not obvious and may be influenced by
multiple factors.

The tile depth influence may be weakened as the soil becomes less permeable. The clay
loam tends to have high initial water saturation and strong water retention capacity. Hence,
there are less space in the soil to accept water during the storm. Consequently, the promotion
of soil degassing by increasing the tile depth is not significant.

Overall, the increase of tile depth can enhance the soil degassing slightly by increasing

the water storage increase during storms. The deep tile is less efficient in draining the
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infiltrated water compared with the shallow tile. Hence, more water may be retained in the
deep-tile system and greater water storage variation may occur. Meanwhile, the deep-tile
system tends to have lower water saturation than the shallow-tile system before the storm
when the precipitation rate is steady. Therefore, the deep-tile system will have greater space
to accept water when the storm begins, which may contribute to the promotion of water
storage increase and soil degassing during storms. The more permeable the soil is, the
stronger the tile depth effect. However, the tile depth effect is influenced by the elevation of
water table. If the water table is lower than the tile during precipitation events, the tile may
be less involved in the soil water redistribution. Thus, great water storage increase and soil
degassing may occur. Therefore, the elevation of local water table also needs to be
considered when setting agricultural tiles, considering their influence on soil gas mobility.
5.5.2 Tile Depth Effect in Field Model
The tile depth simulation is also performed using the All-flat Field model (Hetero Field
model). The elevations are 3.17 m for the field surface, 1.5 m for the steam bed, and 2.5 m
for the tile (0.67 m depth) in the All-flat Field model (Shallow Field). To investigate the tile
depth effect at field, a modified All-flat Field model (Deep Field) was constructed with the
tile elevation increased to 2.04 m (1.13 m depth). The bottom surface of the macropore
domain at the field area is also lowered to the elevation of 2.04 m, so that the tile is
connected with the macropores. Other parameters remain unchanged. Only one agricultural
tile is involved in each model.

Figure 32 shows the comparison between the results of the Deep and Shallow Field
models. Throughout the simulations, all tiles are deeper than the highest water table. Hence,

the tiles are effectively involved in groundwater transportation during the Storm stage.
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Figure 32. Water storage variations in the soil matrix (a) and macropores (b) in Field models

with different tile depths in the 10-day storm simulation.

In the soil matrix, the water storage variation increases as the tile depth increases. In
the macropores, a delay of the peak of DUAL curve is observed for the Deep Field model.

Although the spacing between shallow tile and deep tile in the Field model and 3D
model are similar and all tiles are connected with macropores, the tile depth effect is stronger
in the Field models. Such difference might result from soil water ponding along stratigraphic
boundaries caused by soil heterogeneity. The infiltrated water may be retained and pond
above the tile. Hence, the deep tile may perform more poorly in draining water in
heterogeneous soils than in homogeneous soils. Thus, the increase of tile depth may promote
the water storage increase and soil degassing more significantly in the heterogeneous soils
than in the homogeneous soils during storms. However, the strong tile effect in the Field
models may also relate with the differences on model size and hydraulic and geological
properties between the Field model and 3D flow test model.

Overall, the installation of shallow tiles may decrease the soil GHG emission, because
shallow tiles enhances the drainage capacity and leads to high water saturation before storm

events. Besides, the soil heterogeneity should also be considered since it may influence the
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efficiency of shallow tiles in diminishing soil GHG emission.

5.6 Tile Number Effect

5.6.1 Tile Number Effect in Conceptual 3D Flow Test Model

Besides the depth, the number of the agricultural tiles may also influence the soil drainage

behavior. In this research, the 3D flow test models with 1 tile (1-tile 3D model) and 3 tiles (3-

tile 3D model) are considered. All tiles extend from x=20m to 1000m at the elevation of 2 m

(1 m deep). In the 1-tile 3D model, the tile is at the middle of the model with y = 0 m. In the

3-tile 3D model, the tiles are distributed symmetrically at y = +3.5 m and 0 m. Other

parameters of these 3D models are the same as those of the original 3D flow test model.

Figure 33 shows the results for the 1-tile and 3-tile 3D. All tiles are deeper than the

highest water table and are in contact with the macropores. Hence, the tiles are effectively

involved in groundwater transportation during the Storm stage.
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Figure 33. Comparisons of the water storage variation in systems with different tile numbers.

(a) Sandy loam, (b) silty loam, and (c) clay loam.

For the soil matrix, the increase of tile number appears to result in a decrease of water
storage variation and soil degassing during precipitation events. By installing more
agricultural tiles, the drainage capacity of the soil profile is enhanced and although soil
systems with multiple tiles tend to have lower initial water saturation in the matrix than those
with a single tile, they appear to also have less variation of water saturation in matrix during
the storm. In the 3-tile 3D models, the tiles control the water table fluctuation and diminish
water storage changes. Hence, less soil degassing is expected for soil systems with multiple
tiles.

For the macropores, the amount of water storage variation and soil degassing is
negligible. The second peaks of DUAL curves in 3-tile 3D models appear more rapidly than
those in 1-tile 3D models. Such early peaks may relate with the enhanced drainage capacity
by increasing tile numbers.

Similar with the tile depth effect, the tile number effect is also reduced when the soil is
less permeable. Hence, it may be more efficient for people to install more tiles to diminish
soil GHG emission in permeable soils.
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5.6.2 Tile Number Effect in Field Model
The 1-tile and 3-tile conditions are considered in the All-flat Field model (Hetero Field
model). All tiles are at 2.5 m elevation (~ 0.67 m depth) and extend from x = 6.5 m to 30 m.
The distribution of tiles are symmetrical. For the 1-tile Field model, the tile locates in the
center of the system (y = 0 m). In the 3-tile system, the tiles locate in y =+3.5 m and 0 m.
Other parameters of these field models are the same as the original Field model and the tiles
connect with the macropores.

Figure 34 shows the results of the Field models with different tile numbers. Generally,
the more the tiles, the smaller the water storage variation. All tiles are deeper than the highest
water table. Hence, the tiles are effectively involved in groundwater transport during the

Storm stage.
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Figure 34. Water storage variations in the soil matrix (a) and macropores (b) in Field models

with different tile numbers.

During the storm, the water storage increase in the 3-tile Field model is greater than
that in the 1-tile Field model, which contradicts with the results in the 3D-flow test models.
Such difference may be related to the water saturation conditions. In the 1-tile and 3-tile 3D

model and the 3-tile Field model, the water storage in the soil matrix keep increasing during
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the Storm stage, as the PM values are positive. However, the water storage in the soil matrix
stops to increase in the middle of the Storm stage in the 1-tile Field model, as the PM values
drops back to zero after its initial increase at the beginning of the storm. Such finding
suggests that the soil matrix of the 1-tile Field model is fully saturated and not able to release
more gas. Hence, the 3-tile Field model will have more soil degassing than the 1-tile Field
model.

Overall, the change of tile number influences not only the drainage capacity but also
the initial water saturation of soils. It is necessary to consider the water saturation condition

in the field when deciding the number of agricultural tiles to be installed.
5.7 Storm Intensity Effect

Besides the soil hydraulic and geological characteristics, the soil GHG emission will also be
influenced by the precipitation intensity. In this research, 10-day storm simulations with
varied storm intensity are performed to assess the water drainage capacity and degassing
capacity of soils.

The All-flat Field models that are used in the tile depth and tile number effects are
selected for the storm intensity simulation. Three storm rates are considered besides the
original rate of 4.6*10”7 m/s (1x storm intensity), which are the 0.5x storm intensity (2.3*1077
m/s), 1.5x storm intensity (6.9*107 m/s), and 2x storm intensity (9.2*10”" m/s). Except for
the change of the storm intensity, other parameters remain unchanged.

Figure 35 shows the results for the storm intensity simulation. Generally, the water
storage variation increases as the storm intensity increases. Consequently, the soil GHG
emission is also elevated. For all models, the tiles are deeper than the highest water table

position in the 10-day storm simulation.
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Figure 35. Comparisons of the water storage in the soil matrix of Field models with different

tile depths (a) or tile numbers (b) under varying storm conditions.

The peak rate of water storage increase during the storm varies linearly with the storm
intensity. A more rapid soil degassing is expected during a greater storm. However, the
relationship between in the gas emission and storm intensity is not linear because the soil
degassing is also controlled by the water saturation. The water saturation conditions before

the storm are identical in the same model for different storm tests. Hence, the accumulative
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soil gas emissions during the storm should also remain identical in the same model unless the
storm intensity is too small to make the soil fully saturated (like Deep Field model, 0.5x
storm).

Overall, the elevation of storm intensity may increase soil degassing. However, the
storm intensity effect becomes negligible once the soil becomes fully saturated during the
storm event. The storm intensity effect is influenced by the water drainage capacity and water
saturation condition of soils. Soil systems like the deep-tile system and 1-tile system, which
have low drainage capacity and low initial water saturation, may require heavy storms to

become fully saturated. Hence, their soil degassing may be less during small storms.

5.8 Long-Term Simulation with PET

The precipitation data used in the previous conceptual model are set manually. The rain
duration is 8 days and the precipitation rate is not 0 m/s at the beginning of the simulation.
Such 10-day storm event is less likely to occur in nature. In reality, the precipitation is
discontinuous. A single precipitation event may not last for a long time. Hence, it is
significant to introduce long-term precipitation data to the model to investigate the response
of the soil.

Besides precipitation, the evapotranspiration may also play an important role in the
water mobility and soil degassing, which acts as a water sink. Although the influence of
evapotranspiration is considered to be insignificant and is ignored in the 10-day storm
simulations, it may be a critical parameter to consider in the long-term simulation. The
precipitation and potential evapotranspiration (PET) data used in the long-term simulation
are obtained by Frey (2020) at the WEBS field site from May 2018 to Oct 2018. PET
provides boundary conditions, which is used by HGS program to calculate the actual
evapotranspiration. Two vegetation types are considered in the estimation of transpiration,
which are the corn field and the riparian zone. The corresponding evapotranspiration

scenarios are noted as Corn ET and Riparian ET.
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Only the positive parts of the PM and DUAL curves are considered to investigate the
soil GHG emission, because they correspond to the water storage increase and relate with
soil degassing process. The amount of gas released from the soil is estimated by integrating
the positive PM and DUAL values with respect to time.

Both the homogeneous 3D flow test model and the heterogeneous Field model are used
in the long-term simulations. Except for the difference on the precipitation and PET data,
other parameters remain unchanged for these models.

5.8.1 Long-Term Simulation in Conceptual 3D Flow Test Model

Different combinations of the soil matrix type, macropores and agricultural tile
configurations are investigated in the 3D flow test model for the long-term simulation (Long
3D model). The Long 3D model is homogeneous and only one tile is considered at the
elevation of 2 m (1 m deep). Similarly, three soil types are involved including the sandy
loam, silty loam, and clay loam. The soil parameters are the same as those used in the
original 3D flow test model.

5.8.1.1 Gas Emission from Soil Matrix

Figure 36 shows the variation of positive PM integration with time. The gas emission
from the soil matrix of the PM only system is significantly lower than that from the PM-dual

system and PM-dual-tile system, especially in impermeable soils like the clay loam.
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Figure 36. Variation of positive PM integration with time in the 3D flow test models of
different soil types under different evapotranspiration conditions. (a) Sandy loam, (b)

silty loam, (c) clay loam.

In permeable soils like the sandy loam, the introduction of PET data to the Long 3D
model has limit influence on the gas emission. The gas emission from the soil matrix under a
no-ET condition is slightly larger than that under riparian-ET condition or under corn-ET
condition, whether the macropores and tile are considered in the model or not (Figure 36).

On the contrary, ignoring the PET component in the Long 3D model with lower
permeability soils may lead to significant underestimation of gas emission from the soil
matrix. In silty loam and clay loam, the gas emission from the soil matrix under corn-ET
condition is larger than that under riparian-ET condition or under no-ET condition when only
considering the soil matrix in the system. As the macropores are added to the system, the gas
emission under riparian-ET condition exceeds that under the corn-ET condition. The addition
of an agricultural tile appears to have little influence on soil gas emission behavior.
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The permeable soil tends to have lower water saturation and may be less dependent on
evapotranspiration to influence available storage. Evapotranspiration appears to play a
relatively minor role in the case of the sandy loam soils in influencing the changes in water
storage and GHG emission during precipitation events. In addition, soil water mobility in
permeable soils are influenced less by the presence of macropores and tile drains than the
less permeable soils.

Overall, the lower permeability soils generally have higher levels of water saturation
and the mobility of the soil water and gas in these soil types depend greatly on the
macropores and tile for water transportation. Evapotranspiration consumes the higher
available water in these soils increasing storage available to accept infiltrating water and
promote soil degassing during precipitation events When macropores and tiles are included
in the system, the gas emission is enhanced significantly.

The increase of gas emission become slower after the beginning of August. The cause
of such transition might be due to the decrease in precipitation beginning in July and the
higher PET values during summer. When the precipitation becomes less frequent and weaker
and the PET becomes stronger, the variation of water table will be diminished and less gas

will be released from the soil.

5.8.1.2 Gas Emission from Macropores

Figure 37 shows the variation of positive DUAL integration with time. The gas emission
from the macropore of the Ppm-dual system is higher than that of the pm-dual-tile system,
which is opposite to the sequence of the gas emission magnitude in the soil matrix.
Meanwhile, the amount of soil degassing from the soil matrix is of the same magnitude
among different soil types. However, the magnitude of soil degassing from macropores may
varies greatly with soil type. The less permeable soil will have significantly greater soil

degassing compared with the permeable soil.
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Clay loam (positive DUAL integration)
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Figure 37. Variation of positive DUAL integration with time in the 3D flow test models of
different soil types under different evapotranspiration conditions. (a) Sandy loam, (b)

silty loam, (c) clay loam.

In each soil type, the gas emission from the macropores under no-ET conditions is
larger than that under corn-ET condition or riparian-ET condition. Meanwhile, the sandy
loam has the smallest gas emission from the macropores, while the clay loam has the highest.
The addition of a tile to the system tends to reduce the gas emission, especially in permeable
soils. The rate of soil gas emission reduces during August and increase again in September.

The high rate of soil gas emission from the macropores in the silty and clay loam soils
is likely due the major role these features play in controlling soil water movement during
transient precipitation events. Unlike the soil matrix, the macropores generally has low water
saturation regardless of soil types. Evapotranspiration, however, acts to reduce the water
from entering the macropores leading to less gas emission during precipitation events. The

introduction of tile to the system enhances the drainage capacity further and limits the water
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table fluctuation, which also helps to reduce the gas emission especially in permeable soils
that drain rapidly. The low gas emission rate observed during August may result from the
decreased precipitation intensity and frequency and the enhanced PET. Although the intensity
of precipitation remains low beginning in September, the frequency increases and PET
decreases. Thus, the water storage variation is promoted and the gas emission becomes rapid
again. Therefore, both the increase of the rain intensity and frequency may lead to the

increase of soil gas emission.

5.8.2 Long-Term Simulation in Field Model

The long-term simulation is also performed in the original Field model (Long Field model).
The Long Field model is heterogeneous and represents the WEBS field site. An agricultural
tile (elevation = 2.5 m) and macropores are included in the model (pm-dual-tile system).
Except for the difference on the precipitation and PET data, other parameters used in the
Long Field model are the same as those used in the original Field model.

Figure 38 shows the variation of positive PM and DUAL integrations with time. The
gas emission from the soil matrix is greater than that from the macropores. However, the
macropore flow contributes more to the total soil GHG emission in the Long Field model
compared with in the Long 3D model. The amount of gas released from the macropores
comprises about 40% of the total soil gas emission in the Long Field model, but is negligible

in the Long 3D model.
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Figure 38. Variation of positive PM (a) and DUAL (b) integrations with time in the Field

model under different evapotranspiration conditions.

The gas emission from soil matrix under the riparian-ET condition is higher than that

under the corn-ET or no-ET condition, which corresponds to the results of the Long 3D
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model (pm-dual-tile system, clay loam). Similarly, the transition of gas emission curves for
the soil matrix and macropores occurs during August in the Long Field model, when the
emission rate temporarily decreases.

Unlike the Long 3D model, the Long Field model has gas emission rates from
macropores under riparian-ET condition that appear greater than that under the corn-ET
condition or under no-ET condition. The water saturation distribution for the macropore
domain suggest that the Long Field model tends to have significant water storage variation
during precipitation events, while the macropores within the Long 3D model tend to have
more stable soil water contents in macropores. In addition, the Long Field model under
riparian-ET condition has lower water saturation in macropores than that under corn-ET or
no-ET condition. On the contrary, the variation of evapotranspiration conditions seems to
have limited influence on the water saturation in the macropores in the Long 3D model.

Generally, the evapotranspiration process consumes soil water and enables the soil
matrix and macropores to accept more water during precipitation within the heterogeneous
field soils. Consequently, the soil GHG emission is enhanced. The water saturation in
macropores of heterogeneous soil is more likely to be disturbed by the precipitation events
and evapotranspiration conditions, which might result from the soil heterogeneity. Due to the
high degree of variability in the soil water profile, including local regions of high saturation
along soil interfaces, the hydraulic gradient between the soil matrix and the macropore might
be influenced, which influences water transfer between the two domains. However, the
difference between the sensitivity to the precipitation and evapotranspiration variation of the
Long 3D model and the Long Field model may also result from the difference on the soil
layer flatness, tile depth, and geological and hydraulic parameters. Finally, the similar
transition of gas emission curves observed in both the Long 3D model and the Long Field
model suggests that both the rain intensity and frequency can increase the gas emission from

soil.
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5.8.3 General Comparison

Figure 39 and Figure 40 show the summary of the long-term simulation results of the Long
3D and Long Field model respectively. The gas emission from the soil matrix overwhelms
that from the macropores in the Long 3D model. In the Long Field model, the opposite

condition occurs.
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Figure 39. Long-term simulation results of the 3D flow test model with different soil types
under varying evapotranspiration conditions. (a), (b), and (c) are the total gas emissions
from the soil matrix. (d), (e), and (f) are the total gas emissions from the macropores.
(g), (h), and (i) are the total gas emissions from the entire soil systems, which equal to
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the sum of gas emissions from the soil matrix and macropores.
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Figure 40. Long-term simulation results of the Field model under varying evapotranspiration
conditions. (a) and (b) are the total gas emissions from the soil matrix and macropores

96



respectively. (¢) is the total gas emission from the entire soil system, which equals to

the sum of gas emissions from the soil matrix and macropores.

The results of the Long 3D model represent the response of homogeneous soils under
long- term precipitation and evapotranspiration conditions. Generally, the gas emission from
the soil matrix under the riparian-ET condition is larger than that under the corn-ET condition
or the no-ET condition. However, an opposite consequence occurs on the gas emission from
macropores. Such contradiction might be caused by the different role that evapotranspiration
plays in the model. In the soil matrix of less permeable soils, evapotranspiration removes
water from the soil pores and enables the soil to take in more water during precipitation
events. Thus, more gas emission from the soil matrix will occur. However, the
evapotranspiration may act as a water sink in the macropores and limits the fluctuation of the
water table, which decreases the gas emission from macropores. The water and gas
transportation in the macropore is complicated and further investigation is required.

There are two exceptions that do not follow the general trend of gas emission in the
Long 3D model. The first is that the variation of PET conditions has negligible influence on
the gas emission from the soil matrix of the sandy loam. The sandy loam relies mainly on the
soil matrix to transport the infiltrated water and generally has low water tables and discharges
rapidly. Hence, the evapotranspiration may act as a water sink, reducing the total amount of
infiltrating water limiting the water storage increase during precipitation events. Thus, the
gas emissions from the soil matrix under different ET conditions are similar in magnitude,
with the emission under no-ET being the highest. The second exception occurs in the pm-
only systems with the silty and clay loam. The gas emission from the soil matrix under the
riparian-ET is much lower than that under the corn-ET. The low gas emission may relate with
the water saturation conditions. The soil matrix remains fully saturated during the most of the
time in the system under the riparian-ET, but has observable saturation variations in the

system under the corn-ET. Such difference may be caused by the stability of
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evapotranspiration conditions. The surge of corn-ET during summer may lead to the variation
of water saturation and accelerate the soil gas emission. On the contrary, the riparian-ET
tends to be more steady, which tends to have less influence on the water saturation. Hence, it
is significant to consider the difference of vegetation types and PET variation when making
soil GHG emission management plans.

The results of the Long Field model represent the response of heterogeneous soils
under long-term precipitation and evapotranspiration conditions. Generally, the soil matrix of
the Long Field model acts the same as that of the Long 3D model with low permeability
soils. Unlike in the Long 3D model, the gas emission from the macropores in the Long Field
model increases as the evapotranspiration is incorporated in the simulation. The water
ponding within the subsurface along stratigraphic unit boundaries due to the soil
heterogeneity may cause the higher sensitivity of the water saturation in macropores to the
precipitation and evapotranspiration variations. Meanwhile, the evapotranspiration lowers the
water saturation in macropores and enables them to accept more water during precipitation
events. Consequently, greater soil gas emission is observed in Long Field model under corn-
ET and riparian ET. However, the Long Field model and the Long 3D model are not only
different with respect to soil heterogeneity, but also with the ground surface topography, tile
location, and geological and hydraulic parameters, which can also lead to the difference in

the results of the two models. Further investigation might be required.
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Chapter 6

Conclusions and Expectations

The soil emission is considered as an important contributor of the atmospheric GHG. During
precipitation events, the GHG-rich soil gas is pushed out from soils when the infiltrated
water fills the soil pores. To diminish the soil GHG emission, it is significant to investigate
the soil gas mobility.

It is difficult to monitor the movement of soil gas. In this research, the soil water
saturation is simulated instead of the soil gas saturation. It is assumed that the soil pores are
occupied either by water or by gas. It is also assumed no compression, dissolution, or
reaction occurs on water or soil gas. Hence, the variation of water saturation can be
converted to the variation of gas saturation. Therefore, the soil gas mobility can be
investigated.

The conceptual 3D flow test model, conceptual 1D flow model, and 3D flow Field
model are built using HGS program. The conceptual 3D flow test model represents a
conceptual structureless soil, while the Field model represents the structured soil in the
WEBS field site. The influence of the soil matrix, macropores and agricultural tiles on the
water transportation in the partially saturated soils is investigated.

The results suggest that the macropores may enhance the water storage increase during
storms and promote the soil GHG emission. The macropores can strengthen the drainage
capacity and lead to a low soil water saturation before storms. Thus, soils with macropores
may accept more infiltrated water and release more soil gas than soils without macropores
during precipitation events. However, the volumetric fraction of the macropores seems to
have limit influence on the water and gas transportation.

The role that the agricultural tile plays in soil water and gas transportation depends on
the drainage capacity and the water saturation condition. In permeable soils with low water

saturation, the tile may reduce the soil GHG emission because it controls the fluctuation of
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water table and diminish the water storage increase during storms. However, the tile may
enhance the soil GHG emission in less permeable soils or under soils with high water
saturation, because it promotes the drainage capacity and lowers the initial water saturation to
enable the soils to accept more water during precipitation events. Thus, more gas can be
released form the soils. No direct relationship is shown between the soil heterogeneity and
the role that the tile plays.

Meanwhile, the increase of tile depth may enhance the soil GHG emission. The deep
tile may not function as efficiently as the shallow tile in draining the infiltrated water.
Besides, the soil with a deep tile tend to have lower water saturation before storms compared
with the soil with a shallow tile. Thus, the water storage increase and soil gas emission will
be greater in the soil with deeper tile during storms. The soil heterogeneity and the elevation
of local water table may influence the strength of tile depth effect. The soil depth effect is
stronger in the structured and heterogeneous field soil than in the massive conceptual soils,
because it is harder for the deep tile to drain the infiltrated water in the Field model when
water ponding occurs in soil layers above. When then water table is lower than the tile
throughout the precipitation events, the tile will function poorly in draining water and lead to
greater water storage increase and soil degassing.

The increase of tile spacing may also enhance the soil GHG emission. When the
spacing between tiles increases and less tiles are installed in the soil system, the drainage
capacity of the system is weakened. Hence, more water storage increase will occur during
storms and result in greater soil GHG emission.

Besides the soil system components, the soil types, weather, soil heterogeneity, ground
surface topography, and precipitation and evapotranspiration conditions can also influence
the soil GHG emission. However, the effect of those factors are highly influence by the
drainage capacity and soil saturation condition.

Generally, permeable soils with high drainage capacity tend to have greater soil gas
emission. Under the dry weather, soils tend to have low water saturation before precipitation
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events and have more space to accept the infiltrated water. Hence, the soil degassing may
become higher when the weather is dry. The soil gas emission from the macropores may
occupy a larger fraction of the total soil gas emission in the structured and heterogeneous
soils than in the massive soils, because macropores play more important roles in groundwater
redistribution when water ponding occurs due to soil heterogeneity. Ground surface
topography may promote the soil GHG emission by forming surface water ponding as water
recharges.

Soil GHG emission may increase with the storm intensity and frequency, but decreases
as the evapotranspiration elevates. However, when soils become fully saturated during the
storm, the increase of storm intensity will have negligible promotion on soil GHG emission.
For permeable soils, the GHG emission from soils with different vegetation types are similar.
For impermeable soils, the GHG emission from the riparian zone is slightly higher than that
from the corn field when the soils are unsaturated.

Overall, the mechanism of soil degassing is complex and relates with multiple factors.
In order to diminish the soil GHG emission, several approaches can be adopted. First, the
installation of agricultural tiles may help to diminish the soil GHG emission. The soil
heterogeneity and local water saturation conditions need to be considered before the
installation, the agricultural tiles should contact with the macropores and be lower than the
water table during precipitation events. Narrowing the tile spacing may efficiently decrease
the water storage variation and control soil GHG emission in permeable soils. Second,
flattening the ground surface may reduce the surface water ponding and subsequently
diminish soil GHG emission. Third, the soil GHG emission can be diminished by limiting the
water input to the soil through smart irrigation. Fourth, the vegetation types with stronger

PET may help to control the soil GHG emission.
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