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Abstract

Predictions of macropore flow is important for maintaining both soil and water qual-
ity as it governs key related soil processes e.g. soil erosion and subsurface transport
of pollutants. However, macropore flow currently cannot be reliably predicted at the
field scale because of inherently large spatial variability. The aim of this study was to5

perform field scale characterization of macropore flow and investigate the predictive
performance of (1) current empirical models for both water and air flow, and (2) X-
ray CT derived macropore network characteristics. For this purpose, 65 cylindrical soil
columns (6 cm diameter and 3.5 cm height) were extracted from the topsoil (5 to 8.5 cm
depth) in a 15 m×15 m grid from an agricultural loamy field located in Silstrup, Den-10

mark. All soil columns were scanned with an industrial CT scanner (129 µm resolution)
and later used for measurements of saturated water permeability, air permeability and
gas diffusivity at −30 and −100 cm matric potentials. Distribution maps for both water
and air permeabilities and gas diffusivity reflected no spatial correlation irrespective of
the soil texture and organic matter maps. Empirical predictive models for both water15

and air permeabilities showed poor performance as they were not able to realistically
capture macropore flow because of poor correlations with soil texture and bulk density.
The tested empirical model predicted well gas diffusivity at −100 cm matric potential,
but relatively failed at −30 cm matric potential particularly for samples with biopore flow.
Image segmentation output of the four employed methods was nearly the same, and20

matched well with measured air-filled porosity at −30 cm matric potential. Many of the
CT derived macropore network characteristics were strongly interrelated. Most of the
macropore network characteristics were also strongly correlated with saturated water
permeability, air permeability, and gas diffusivity. The correlations between macrop-
ore network characteristics and macropore flow parameters were further improved on25

dividing soil samples into samples with biopore and matrix flow. Observed strong corre-
lations between macropore network characteristics and macropore flow highlighted the
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need of further research on numerical simulations of macropore flow based on X-ray
CT images. This could pave the way for the digital soil physics laboratory in the future.

1 Introduction

The effect of macropore flow on partitioning of precipitation between runoff and infil-
tration, on plant water uptake and plant growth, on biogeochemical cycling rates, and5

on the potential risk of ground water contamination is widely recognized (Iversen et al.,
2011; de Jonge et al., 2004; Fox et al., 2004; Moustafa, 2000). Thus, over the last
decade major research efforts have been devoted to improve the understanding of
macropore flow processes and their governing parameters, and to develop predictive
macropore flow models (Jarvis, 2007). Macropore flow and transport refers to the lo-10

calized and usually rapid movement of water and solutes through soils. Macropores
resulting from biological activity (root channels, worm holes etc.), geological forces
(subsurface erosion, shrinkage and swelling etc.), and agricultural management prac-
tices (e.g. plowing) serve as the main channels for this rapid and long-distance flow
and transport of water, air, and contaminants. Macropore flow is largely determined by15

soil structure and is generally a dominating process in loamy and clayey soils (Jarvis
et al., 2009) where large inter-aggregate pores and biopores often act as pathways
for rapid flow and transport. The transition from matrix to macropore flow (equilibrium
to non-equilibrium) depends on the pore size and continuity, and the degree of soil
saturation (Bouma, 1981). Macropore flow often occurs in pores with equivalent effec-20

tive cylindrical diameters larger than 0.3–0.5 mm, which means that the water potential
needs to be close to zero and the water content close to saturation for these pores to
be activated (Jarvis, 2007).

Soil and crop management practices strongly modify soil structure and thus the
extent of macropore flow and transport. Wang et al. (2013) and Gonzalez-Sosa25

et al. (2010) studied the impact of land use on the hydraulic properties of the topsoil
on the Loess Plateau of China and suburban catchment of France, respectively. Both
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studies have reported higher saturated hydraulic conductivity values for forestland, in-
termediate for permanent pasture, and lower for farmland soils. This is primarily due
to the large presence of biota and less disturbance in forests and permanent pastures
as compared to cultivated lands (Naveed et al., 2014a; Norgaard et al., 2013; Pérèsa
et al., 2012). Application of animal manure and fertilizers can also influence macro-5

pore flow by first altering soil structure and second by promoting the density of the
earthworms, particularly deep penetrating anecic worms (Naveed et al., 2014b). Cli-
matic conditions (seasonal temperature and precipitation variations) might also affect
soil structure and macropore flow through interactions with physical processes such as
cyclic freezing/thawing and wetting/drying (Hu et al., 2012). Due to the complex interre-10

lations and the significant number of influencing factors, a large spatial variability of sat-
urated hydraulic conductivity has been reported for different regions of the world (Wang
et al., 2013; Raczkowski et al., 2012; Iversen et al., 2011). Therefore, the predictive ca-
pabilities of empirical models/pedotransfer functions for saturated water permeability
are limited because they ignore the effects of key site factors and underestimate the15

significance of soil structure (Vereecken et al., 2010). Recently, pedotransfer functions
for saturated hydraulic conductivity that account for soil structure have been developed,
but they are rarely applied due to the complexity of input parameters and the still rel-
atively significant prediction inaccuracies (Jarvis et al., 2013; Iversen et al., 2011; Lilly
et al., 2008).20

Along with prediction of macropore water flow (i.e. saturated water permeability),
prediction of macropore air flow (i.e. air permeability and diffusivity) is also important.
Air permeability is a key parameter in the design of soil vapor extraction technique. Air
diffusivity is of importance because the availability of oxygen to plant roots via diffusion
phenomena is a basic factor of soil productivity. Various empirical models have been25

proposed in the past for the prediction of air permeability (Deepagoda et al., 2011;
Kawamoto et al., 2006) and air diffusivity (Deepagoda et al., 2011; Moldrup et al.,
2000). However, none of the study has tested their application on the field scale yet.
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Developments of new imaging techniques allow not only visual observation but also
quantification of pore network complexity. Application of X-ray Computed Tomogra-
phy (CT) provides emerging alternative means for estimating subsurface macropore
flow and transport (Wildenschild and Sheppard, 2013). Over the last decade, various
studies on the characterization of macropore structure (macroporosity, macropore size5

distribution, volume, surface area, tortuosity etc.) were conducted for different land
use and management systems with X-ray CT (Larsbo et al., 2014; Hu et al., 2014;
Naveed et al., 2013; Vogel et al., 2010; Luo et al., 2010). However, only a few stud-
ies to date were published on quantitatively relating macropore network characteristics
to the observations of macropore flow. Larsbo et al. (2014) reported significant cor-10

relations between X-ray CT derived macropore network characteristics and flow and
transport parameters. Paradelo et al. (2013) found that X-ray CT derived macroporosity
was strongly correlated with saturated hydraulic conductivity, solute dispersivity, arrival
time, and contaminant breakthrough. Luo et al. (2010) reported that macroporosity,
path number, hydraulic radius, and macropore angle were the most useful X-ray CT15

derived parameters for predicting macropore flow and transport under saturated con-
ditions. These studies were based on a limited number of soil samples due to high ex-
penses of X-ray CT scanning, and none of them was on the field scale. In-continuation
with this research a comprehensive field scale study was carried out with the following
specific objectives:20

1. How does the spatial variability of macropore water and air flow correlate with the
spatial variability of soil texture and organic matter content at the field scale?

2. Are traditional empirical models able to predict macropore water and air flow at
the field scale?

3. Which X-ray CT derived macropore network characteristics are most useful for25

predicting macropore water and air flow at the field scale?
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2 Materials and methods

2.1 Study site and soil sampling

The 1.69 ha study site located in Silstrup in northwestern Denmark (56◦55′56′′N,
8◦38′44′′ E) is covered with glacial till, a dominant geological formation covering about
43 % of all farmland in Denmark (Geological Survey of Denmark and Greenland, 1999).5

The top meter of the soil is highly fractured and bioturbated, containing 100 to 1000
biopores per m2. The field has not been tilled for about 3 years prior to soil sampling.
The field has been plowed in December 2008 to 23 cm depth and harrowed twice to
5 cm depth in March 2009. Since then the soil was only disturbed when slurry was
injected in 10 cm depth in April 2009 and in 4 to 5 cm depth in September 2009. A thor-10

ough overview of management practices performed at the study site between 2006 and
2010 is provided in Norgaard et al. (2013).

65 undisturbed cylindrical soil cores (6 cm ID and 3.5 cm height) were extracted from
the topsoil (5 to 8.5 cm depth) in summer 2012. At the time of sampling the field was
cultivated with red fescue (Festuca rubra L.). The soil columns were sampled on a rect-15

angular 15 m by 15 m grid (Fig. 1). All soil columns were extracted by stepwise push-
ing a customized core sampler containing the aluminum sampling cylinders into the
soil and step by step removing the surrounding material. Extracted soil columns were
immediately covered with tight plastic lids, placed in plastic bags, and carefully trans-
ported from field to the laboratory to avoid smearing and compaction effects. In the20

laboratory the soil columns were preserved at −2 ◦C until measurements started. In
addition, bulk soil samples were collected from each point at the same soil depth for
texture and organic carbon analysis.

2.2 X-ray computed tomography scanning and analysis

An industrial X-Ray CT scanner (X-Tek HMX225) at the Helmholtz Center for Environ-25

mental Research in Halle in Germany was used to scan the intact soil columns at an
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energy level of 180 kV and a current of 400 µA. A copper filter was placed between the
X-ray source and the soil column to alleviate beam hardening. The shadow projections
(radiographs) were reconstructed with a Feldkamp cone-beam algorithm (Feldkamp
et al., 1984) to obtain 16-bit grayscale 3-D data comprised of 500×500×300voxels (res-
olution is 129 µm). For subsequent analysis, the 3-D grayscale volumes were cropped5

to remove the container wall and disturbed regions on the top and bottom of the sam-
ple. Before the image segmentation, a 3-D median filter (Jassonge et al., 2007) with
a radius of 6 voxels was applied to the grayscale volumes to remove noise. Though, me-
dian filtering is computationally more demanding than conventional smoothing filters,
it is less sensitive to outlier values and thus preserve edges. Image segmentation was10

carried out with four different methods. Two of them were global segmentation meth-
ods proposed by Ridler and Calvard (1978) and Otsu (1979), which consider the global
grayscale histogram of the entire cropped samples. The other two methods were lo-
cally adaptive segmentation methods developed by Sauvola and Pitenkien (2000) and
Kulkarni et al. (2012), which separate individual voxel classes based on the informa-15

tion from the local voxel neighborhood. For the Sauvola and Pitenkien (2000) method,
a radius of 25 voxels and a k value of 0.5 were used. Kulkarni et al. (2012) developed
an image segmentation code based on Bayesian Markov Random Field (MRF) frame-
work. The MRF model requires parameterization with a β value, which was set equal to
2.0 in this study. The MRF model was initialized using K-means clustering for selection20

of two seed regions (pore and solids) within the X-ray CT data.
The segmented images for each soil column obtained using Kulkarni et al. (2012)

method were further analyzed to obtain macroporosity, connected macroporosity, min-
imum connected macroporosity, macropore specific surface area, macropore hydraulic
radius, macropore mean diameter, macropore fractal dimension, macropore global25

connectivity, and macropore local connectivity with the Image-J software package
(Rasband, 2011). The number of pore voxels was determined from the histogram of
the segmented images, and macroporosity was then calculated as the ratio of the
number of pore voxels to the number of total column voxels. The connected macro
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porosity was calculated based on only those pores, which were connected from top to
bottom of the scanned and segmented core samples by removing all isolated pores.
All isolated pores were removed with the Image-J plugin “Find Connected Regions”.
Minimum connected macroporosity was defined and calculated as the minimum value
of the connected macroporosity while moving voxel layer by voxel layer from the top5

to the bottom of the core. Macropore specific surface area was defined as the ratio
of surface area of macropores to the volume of soil sample. It was calculated with
the Image-J plugin “Analyze Particles”. Macropore hydraulic radius was defined as the
ratio of macropore volume and macropore surface area. It was also calculated with
the Image-J plugin “Analyze Particles”. The macropore mean diameter was estimated10

with a local 3-D thickness algorithm proposed by Dougherty and Kunzelmann (2007)
and embedded in the Image-J plugin “Bone-J”. This algorithm defines the pore diam-
eter as the diameter of the largest sphere that fits within the pore. The histogram of
the thickness map was used for estimating macropore size distribution and macropore
mean diameter. Macropore fractal dimension was calculated as a measure of the het-15

erogeneity of the spatial distribution of macroporosity with the Image-J plugin “Bone-J”.
Macropore global connectivity was defined and calculated the ratio of volume of macro-
pores connected from top to bottom of soil column to the total macropore volume of
soil column. The macropore local connectivity (MPLC) was estimated with the Image J
plugin “Bone-J”, and defined as:20

MPLC = −E/V , E = N −C+H (1)

where E is Euler number, V is the volume of the soil column, N is the total number
of disconnected macropore clusters that is equal to 1 here as MPLC was calculated
based on the largest connected macropore cluster present in the soil column, C is the
total number of redundant connections, and H is the total number of holes or cavities.25

A redundant connection can be cut without creating an additional isolated macropore
cluster, and a hole can be an aggregate completely surrounded by pore space. Gener-
ally, a decreasing E indicates increasing macropore connectivity of the soil column.
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2.3 Soil physical measurements

Soil texture was determined on disturbed samples that were passed through a 2 mm
sieve with a combination of wet sieving and hydrometer methods. Soil organic carbon
was determined with a LECO carbon analyzer (St. Joseph, MI, USA) coupled with
an infrared CO2 detector. A multiplication factor of 1.72 was used for converting soil5

organic carbon to soil organic matter. After X-ray CT scanning, air permeability and gas
diffusivity at −30 and −100 cm matric potentials, and saturated hydraulic conductivity
were measured on the same columns in the laboratory. The soil columns were placed
in a sand box and saturated with water from the bottom. After saturation, suction was
successively applied to establish matric potentials −30 and −100 cm. Air permeability10

(ka) was then measured with the steady state method described in Iversen et al. (2001)
both at −30 and −100 cm matric potentials. The pressure gradient was established at
5 hPa as frequently assumed pressure for the laminar flow during the measurements.
The ka was calculated from Darcy’s equation based on the pressure difference across
the core:15

Q =
ka∆pas

ηaLs
(2)

where Q (L3 T−1) is the volumetric flow rate, ka (L2) is air permeability, ∆p (L) is the
pressure difference across the column, η (ML−1 T−1) is dynamic viscosity of air, as

(L2) is the cross-sectional area and Ls (L) is the length of the column. Gas diffusivities
(DP/D0) at −30 and −100 cm matric potentials were measured with the one-chamber20

method described in Schjønning et al. (2013).
After that, the soil columns were resaturated, and the saturated hydraulic conduc-

tivity was measured with the constant head method (Klute and Dirksen, 1986). The
laboratory measured saturated hydraulic conductivities were then converted to satu-
rated water permeability at 20 ◦C:25
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kw = ksat
ηw

ρwg
(3)

where kw (L2) is water permeability, ksat (LT−1) is saturated hydraulic conductivity, ηw

(ML−1 T−1) is dynamic viscosity of water, ρw (ML−3) is density of water and g (LT−2) is
gravitational acceleration.

2.4 Statistics5

Data collected for soil textural properties and macropore flow parameters were first
subjected to classical statistical analysis to obtain descriptive statistics, including min-
imum, maximum, mean, median, SD, skewness, and coefficient of variation (CV). The
degree of spatial variability of soil textural properties and macropore flow parameters
was determined with ordinary kriging. The ArcMap 10.1 (Esri, Inc.) software was used10

to generate contour maps for each measured soil property. Spearman rank order cor-
relation coefficients between macropore network characteristics and macropore flow
parameters were calculated with the commercial SigmaPlot 11.0 software package.
The correlations were considered significant if p values were below 0.01. Selected cor-
relations were also graphically displayed and analyzed with linear or power regressions15

(that best described the data). The linear or power models were only fitted if they were
significant at p < 0.01.

3 Results and discussion

3.1 Spatial variability of soil texture, organic matter, and macropore flow
parameters20

The soil of the study site was mainly classified as sandy loam (USDA-NRCS Web Soil
Survey, 2010) with clay contents between 14 and 19 % and organic matter content
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varying from 2.9 to 3.8 % across the field. Descriptive statistics for all soil textural prop-
erties are depicted in Table 1. Clay and sand contents were positively skewed whereas
silt and organic matter contents were negatively skewed. Although there was some
skewness in soil textural properties, the mean and median values were quite similar.
This indicated that the mean and median were not dominated by extreme values of5

the distributions. All soil textural properties were slightly variable across the field with
coefficients of variation (CV) below 10 %. It has been reported in the literature that the
CV for soil textural properties generally depends upon the extent of the study area.
For example, Sharma et al. (2011) reported a CV for soil textural properties within the
range of 20 to 30 % in a 40 ha agricultural field in New Mexico, while Wang et al. (2013)10

reported a CV within the range of 19 to 156 % across the Loess Plateau of China
(620 000 km2). Krigged maps indicated that soils with high clay contents were on the
north side of field, whereas soils with high organic matter contents occupied the south
side. Thus, clay and organic matter gradients run in opposite directions at the study
site. Soils with high silt contents were on the eastern side of the field, whereas soils15

with high sand contents were on the western side (Fig. 1).
Descriptive statistics for saturated water permeability (kw), air permeability (ka), and

gas diffusivity (DP/D0) at −30 and −100 cm matric potentials are provided in Table 1.
Large positive skewness was observed for all five macropore flow parameters. Mean
and median values were quite different, indicating that they were largely dominated20

by extreme values of the distribution. The kw, ka, and DP/D0 at −30 and −100 cm
matric potentials showed the largest variations across the study site with a CV ranging
from 92 to 218 %. High CV values were observed due to the presence of biopores in
some of the soil columns, while not in others (marked samples in Fig. 1 are shown in
Fig. 2). Irrespective of the extent of the study area, large variations in kw were also25

reported in other studies (e.g. Wang et al., 2013; Sharma et al., 2011; Iqbal et al.,
2005). Krigged maps for kw, ka, andDP/D0 look quite similar with some areas randomly
exhibiting a high degree of macropore flow while matrix flow dominated in other regions
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irrespective of soil texture and organic matter contents (Fig. 1). This is quite analogous
to topography of a hilly area with some random peaks and low valleys.

3.2 Predictive performance of empirical models

For many hydrological applications, saturated water permeability (kw) is estimated from
more readily available proxy variables such as texture and bulk density. Various empiri-5

cal models/pedotransfer functions (e.g. Iversen et al., 2011; Jarvis et al., 2009; Schaap
et al., 2001; Wösten et al., 1999; Revil and Cathles, 1999) have been proposed in
the past for predicting kw. We have observed poor predictive performance of empirical
models at the field scale for kw for both models shown in Fig. 3 and also for those tested
but not shown here such as Wösten et al. (1999), Vereecken et al. (1989), and Cosby10

et al. (1984). The primary reason is that empirical models/pedotransfer functions are
based on soil texture and bulk density, and thus are not realistically able to capture
macropore flow particularly for highly structured and bioturbated soils. Generally the
empirical models over predicted kw in case of matrix flow (unfilled symbols) while un-
der predicted for soil columns with biopore flow (filled symbols). It should also be noted15

that permeability measurements on small samples as used in this study may not nec-
essarily reflect the permeability at the scale of a soil horizon, for which the pedotransfer
functions were developed.

Some efforts have also been made to develop empirical models for predicting air
permeability (ka) over the last decade (Moldrup et al., 1998; Kawamoto et al., 2006;20

Deepagoda et al., 2011). Among them, we have tested the predictive performance of
the recently developed density-corrected ka model (Deepagoda et al., 2011) as shown
in Fig. 4a und b. The density-corrected ka model performed reasonably well for soils
with matrix flow, and comparatively fails for soils with higher ka values for example in the
presence of continuous structural cracks or biopores. Starting with Buckingham (1904)25

a more rigorous effort has been made in the past century to develop empirical mod-
els for prediction of gas diffusivity (Deepagoda et al., 2011). The tested WLR-Marshall
model (Moldrup et al., 2000) reasonably predicted gas diffusivity for soil samples asso-
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ciated with matrix flow and underestimated gas diffusivity for soil samples with biopore
flow at −30 cm matric potential (Fig. 4c). This reflects that preferential diffusive flow
could occur at higher matric potentials close to saturation even though gas diffusivity is
a concentration-driven gas transport parameter. However at −100 cm matric potential,
the WLR-Marshall model (Moldrup et al., 2000) predicted gas diffusivity well for all soil5

samples irrespective of matrix or biopore flow (Fig. 4d).

3.3 Correlations between macropore flow parameters and macropore network
characteristics

All four employed image segmentation methods whether global or locally adaptive re-
sulted into quite comparable macroporosity values (Fig. 5). This reflects that most of10

the image segmentation methods performed similarly when the X-Ray CT data quality
is good with little partial volume effect, i.e. relatively clear pore and solid peaks of the
histogram (Naveed, 2014). The obtained X-ray CT macroporosity based on the four
investigated segmentation methods was plotted as a function of physically measured
air-filled porosity at −30 cm matric potential (Fig. 5). The physically measured air-filled15

porosity at −30 cm matric potential agreed well with the X-ray CT analyzed macrop-
orosity at 129 µm resolution. At −30 cm matric potential, all pores of diameter larger
than 100 µm should have drained according to the Young Laplace capillary-rise equa-
tion. Referring to this, physically measured air-filled porosity at −30 cm matric potential
(pores >100 µm) should be higher than the X-ray CT derived macroporosity (resolu-20

tion = 129µm). However, this is only true when assuming a parallel bundle of capillary
tubes, which is clearly not realistic for natural soils. Due to the ink-bottle effect a con-
siderable volume of pores > 100µm are expected to be water filled after drainage at
a water potential of −30 cm. Hence, no perfect match between the morphological pore
size measured with CT and the hydraulic pore size estimated from the Young–Laplace25

equation can be expected (Vogel, 2000). Hence, the observed agreement between
both measures is absolutely reasonable and confirms the accuracy of the employed
image segmentation methods (Fig. 5). However, it must be noted that different image
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segmentation methods can result in quite different macroporosity values if image qual-
ity is not good, i.e. lot of noise and partial volume effect as shown in Naveed (2014).

Spearman rank order correlation analysis between macropore flow parameters and
macropore network characteristics was carried out first for all soil samples (Fig. 6a),
second for soil samples containing biopores(s) connected from top to bottom (Fig. 6b),5

and third for soil samples containing inter-aggregate macropores or disconnected bio-
pores (Fig. 6c). Many of the X-ray CT macropore network characteristics were strongly
interrelated (Fig. 6). This is because large macroporosities were associated with larger
macropore surface area and better connectivity of macropores. This agrees with other
past studies (e.g. Katuwal et al., 2015; Larsbo et al., 2014). Macropore mean diameter10

and hydraulic radius were however poorly correlated with other macropore network
characteristics because of inherently different measures of macropores. Significant
spearman rank order correlations were also observed between macropore flow pa-
rameters and most of the X-ray CT derived macropore network characteristics (Fig. 6).
X-ray CT macroporosity was strongly correlated with macropore flow parameters for all15

three categories of soil samples (Fig. 6a–c). Very strong correlations were observed
between minimum connected macroporosity (MCMP) and macropore flow parameters
for the soil samples consisting of biopores(s) connected from top to bottom (Fig. 6b).
Macropore hydraulic radius and macropore mean diameter were significantly corre-
lated with macropore flow parameters for the soil samples associated with biopore flow20

(Fig. 6b), whereas poorly correlated in case of soil samples associated with matrix
flow (Fig. 6c). Supporting this, Elliot et al. (2010) and Quinton et al. (2008) reported
strong dependency of saturated water permeability on hydraulic radius. Both macrop-
ore global and local connectivities were poorly correlated with macropore flow param-
eters for the soil samples associated with biopore flow (Fig. 6b), whereas significantly25

correlated for the soil samples associated with matrix flow (Fig. 6c). This is quite logical
as biopore flow is mainly controlled by the mean pore diameter whereas matrix flow is
mainly controlled by the connectivity of pores.
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Selected correlations were graphically displayed and analyzed with linear and power
regressions (which described data best) as shown in Fig. 7. The saturated water
permeability (kw) was plotted as a function of X-ray CT macroporosity as shown in
Fig. 7a. A two-branch system data trend was observed at lower X-ray CT porosity,
which merges into single with the increase of macroporosity. The upper branch con-5

sists of soil samples with one or more biopores connected from top to bottom that
mainly governs fluid flow (filled symbols). Samples 3 and 4 marked in Fig. 7a and
shown in Fig. 2 fall under this branch. The lower branch consists of soil samples in
which fluid mainly flows through inter-aggregate and textural pores. Samples 1 and 2
marked in Fig. 7a and shown in Fig. 2 fall under this branch. Significant power regres-10

sions were observed between kw and macroporosity for both categories of soil samples
independently (Fig. 7a). Both Paradelo et al. (2013) and Luo et al. (2010) found similar
relationships between saturated water permeability and X-ray CT derived porosity with
R2 ranging from 0.50 to 0.60. A stronger power regression was observed, R2 increased
from 0.43 to 0.76, when kw was plotted as a function of the minimum connected macro-15

porosity for the soil samples associated with biopore flow (Fig. 7b, filled symbols), but
this is not the case for the soil samples with matrix flow (Fig. 7b, unfilled symbols).
Moderate and significant power regressions were observed between kw and macro-
pore mean diameter (Fig. 7c). Weak but significant power regression was observed
between kw and macropore local connectivity for only those soil samples associated20

with matrix flow as shown in Fig. 7d. No significant regression was observed between
kw and macropore local connectivity for the soil samples associated with biopore flow
(Fig. 7d, filled symbols). An explanation would be that the Euler number on which
macropore local connectivity is based does not account for continuity of the pores from
top to bottom.25

Air permeability at −30 cm matric potential (ka −30) was plotted as a function of
macroporosity as shown in Fig. 7e. Significant strong power regressions were observed
for the two-branch system (Fig. 7e). Similar to kw, power regression was significantly
improved (R2 increased from 0.49 to 0.80) when ka −30 was plotted as a function of
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minimum connected macroporosity for the soil samples associated with biopore flow
(Fig. 7f, filled symbols). A significant power regression was observed between ka −30
and macropore mean diameter for the soil samples with biopore flow while no signifi-
cant regression was observed between ka −30 and macropore mean diameter for the
soil samples with matrix flow (Fig. 7g). Contrary to this, significant power regression5

was observed between ka−30 and macropore local connectivity for soil samples asso-
ciated with matrix flow while no significant regression was observed for soil samples as-
sociated with biopore flow (Fig. 7h). Similar power regressions were also observed for
k a−100 as a function of macroporosity, minimum connected macroporosity, macropore
mean diameter, and macropore local connectivity as shown in Fig. 7i–l, respectively.10

Figure 7m and n showed significant power regressions when gas diffusivity at
−30 cm matric potential (DP/D0 −30) was plotted against macroporosity and minimum
connected macroporosity, respectively. Independent significant power regressions ob-
served for soil samples associated with biopore flow and matrix flow reflects that pref-
erential diffusive flow occurred at −30 cm matric potential. However at −100 cm matric15

potential, a single regression significantly described both types of data associated with
biopore flow and matrix flow as shown in Fig. 7q and r. This reflects that no preferen-
tial diffusive flow occurs at and below −100 cm matric potentials. Both DP/D0−30 and
DP/D0−100 showed insignificant regressions when plotted as a function of macropore
mean diameter for both categories of soil samples (Fig. 7o and s). Significant power20

regressions were observed when DP/D0−30 and DP/D0−100 were plotted as a func-
tion of macropore local connectivity for both soil samples associated with matrix flow
and biopore flow (Fig. 8p and t). This is logical as DP/D0 is a concentration-driven
gas transport parameter and is mainly controlled by total air-filled pore space and its
connectivity, and not by the pore size (Moldrup et al., 2000).25
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4 Conclusions and perspective

1. Soil textural properties showed small spatial variability across the study site with
a CV < 10 %. Despite of this, macropore flow parameters showed large spatial
variability across the field with a CV > 100 %.

2. Predictive performance of empirical models/pedotransfer functions for both wa-5

ter and air permeabilities was quite poor at the field scale. The tested empirical
model for prediction of gas diffusivity performed well at −100 cm matric potential,
while failed at −30 cm matric potential particularly for the soil samples containing
biopores connected from top to bottom.

3. Most of the image segmentation methods whether locally adaptive or global per-10

formed well and in a similar way. This is because the image quality was quite
good in this study, i.e. with less noise and relatively clear separate peaks of the
histogram associated with the soil pore and solid phases.

4. Strong correlations were observed between X-ray CT macropore network char-
acteristics and macropore flow parameters. Minimum connected macroporosity15

better predicted macropore flow as compared to total macroporosity for the sam-
ples with biopore flow, and vice versa for the samples with matrix flow. Macrop-
ore mean diameter better predicted macropore flow for the samples with biopore
flow, whereas macropore local connectivity better predicted macropore flow for
the samples with matrix flow.20

Rapid development in image analysis together with computational fluid dynamics made
it possible to simulate the dynamics of flow and transport directly on X-ray CT images.
One method particularly suitable for simulating macropore flow and transport on the
X-ray CT images is the lattice Boltzmann method (LBM). Most of the studies to date
on simulating flow and transport on X-ray CT images using LBM were based on ei-25

ther granular porous media (glass beads/sand) or rock geometries, and not on real
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soil samples where image segmentation really suffers. Strong correlations between
macropore flow parameters and X-ray CT derived macropore network characteristics
suggests that the lattice Boltzmann simulation of flow and transport based on X-ray
CT images could be a good topic for future research, which can pave the way for the
establishment of digital soil physics laboratory.5
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Table 1. Descriptive statistics for selected soil physical properties (n = 65).

Variable Minimum Maximum Mean Median SD Skewness CV %

Clay (g 100 g−1) 14.18 18.93 15.82 15.54 1.36 0.65 9
Silt (g 100 g−1) 23.30 33.32 30.12 30.10 1.66 −1.21 6
Sand (g 100 g−1) 44.89 59.00 50.71 50.72 2.14 0.32 4
Organic matter
(g 100 g−1)

2.90 3.75 3.35 3.38 0.20 −0.42 6

Saturated water per-
meability, kw (µm2)

0.003 118.1 12.04 0.39 26.30 2.73 218

Air permeability at
−30 cm, ka −30, (µm2)

0.03 109.19 10.87 3.21 22.33 3.03 205

Air permeability at
−100 cm, ka −100, (µm2)

0.19 151.10 14.72 5.42 27.13 3.26 184

Gas diffusivity at
−30 cm, DP/D0 −30

0.0001 0.018 0.0026 0.0017 0.003 2.74 123

Gas diffusivity at
−100 cm, DP/D0 −100

0.0004 0.025 0.0052 0.0040 0.005 2.31 92

12113

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/12089/2015/hessd-12-12089-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/12089/2015/hessd-12-12089-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
12, 12089–12120, 2015

Empirical models and
x-ray CT analyzed

macropore
characteristics

M. Naveed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

              
                                                                                                                                                                                                         

 

                                                                                                                                                          

   

 

 

 

 

 

 

 

 

 

 

 

E F G 

2 1 

3 

4 4 

3 

1 2 

4 

3 

2 1 

A B C D  N  
   
 Clay (g 100g-1)            Sand (g 100g-1) 

       
 
  Silt (g 100g-1)         OM (g 100g-1)    

     

  

Gas diffusivity at -100 

cm    

 
 

 

Saturated water 

permeability (µm2)  

& Air permeability 

at -100 cm (µm2) 

   

Figure 1. Contour maps for soil textural properties and macropore flow parameters, (a) clay
(< 2µm), (b) silt (2–50 µm), (c) sand (50–2000 µm), (d) organic matter, (e) saturated water
permeability (µm2), (f) air permeability (µm2) at −100 cm matric potential, and (g) gas diffusivity
at −100 cm matric potential, marked samples are shown in Fig. 2.
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Figure 2. Example soil columns (3-D pore visualizations) and respective measured macropore
flow parameters, where kw is saturated water permeability, ka −100 and DP/D0 −100 is air
permeability and gas diffusivity at −100 cm matric potentials, respectively.
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Figure 3. Performance of empirical predictive models for saturated water permeability (kw),
filled symbols represent samples with biopore flow and unfilled symbols represent samples
with matrix flow, marked samples are shown in Fig. 2.
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Figure 4. Performance of empirical predictive models for air permeability (ka) and gas diffusivity
(DP/D0) at −30 and −100 cm matric potentials. (a) Deepagoda et al. (2011) model, (b) Deep-
agoda et al. (2011) model, (c) WLR-Marshall model (Moldrup et al., 2000), and (d) WLR-
Marshall model (Moldrup et al., 2000), filled symbols represent samples with biopore flow and
unfilled symbols represent samples with matrix flow, marked samples are shown in Fig. 2.
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Figure 5. X-ray CT macroporosity obtained using four different segmentation methods plotted
as a function of physically measured air-filled porosity at −30 cm matric potential.
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Figure 6. Spearman rank order correlation analysis (a) all samples (N = 65), (b) samples with
biopore flow (N = 16), and (c) samples with matrix flow (N = 49), star indicates significant corre-
lations at p value < 0.01; where MP is macroporosity, CMP is connected macroporosity, MCMP
is minimum connected macroporosity, MPSSA is macropore specific surface area, MPHR is
macropore hydraulic radius, MPMD is macropore mean diameter, MPFD is macropore fractal
dimension, MPGC is macropore global connectivity, MPLC is macropore local connectivity, kw
is saturated water permeability, ka −30 is air permeability at −30 cm matric potential, ka −100
is air permeability at −100 cm matric potential, DP/D0 −30 is gas diffusivity at −30 cm matric
potential, and DP/D0 −100 is gas diffusivity at −100 cm matric potential.
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Figure 7. Saturated water permeability (kw), air permeability at −30 cm matric potential
(ka −30), air permeability at −100 cm matric potential (ka −100), gas diffusivity at −30 cm ma-
tric potential (DP/D0 −30), and gas diffusivity at −100 cm matric potential (DP/D0 −100) were
plotted as a function of selected X-ray CT macropore network characteristics, filled symbols
represent samples with biopore flow and unfilled symbols represent samples with matrix flow.
Regressions either linear or power that best described data were fitted if significant at p<0.01,
two separate regressions were fitted for samples with biopore flow and matrix flow if they were
significantly different.
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