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Abstract Near-surface soil moisture profiles contain important information about the evaporation pro-
cess from a bare soil. In this study, we demonstrated that such profiles could be monitored noninvasively
and with high spatial resolution using Nuclear Magnetic Resonance (NMR). Soil moisture profiles were meas-
ured in a column exposed to evaporation for a period of 67 days using a stationary Magnetic Resonance
Imaging (MRI) high field scanner and a unilateral NMR sensor. The column was packed with medium sand
and initially saturated. Two distinct shapes of soil moisture profiles that are characteristic for stage I (evapo-
ration rate is controlled by atmospheric demand) and stage II (evaporation rate is controlled by the porous
medium) of the evaporation process were followed by both MRI and unilateral NMR. During stage I, an
approximately uniform decrease of soil moisture over time was monitored, whereas during stage II, S-
shaped moisture profiles developed which receded progressively into the soil column. These promising
results and the specific design of the unilateral NMR system make it very well suited for determining soil
moisture profiles in the field.

1. Introduction

Evaporation from bare soils is one key factor controlling water and energy exchange between the land surface
and atmosphere [Hanks et al., 1967; Huxman et al., 2005; Seager et al., 2007]. A large body of literature describes
evaporation as a two-stage process [Coussot, 2000; Faure and Coussot, 2010; Lehmann et al., 2008; Scherer, 1990;
Schl€under, 2004; Shokri and Or, 2011] with an initially high and often presumed constant evaporation rate (stage
I or constant rate period (CRP)) close to that of an open water surface and primarily limited by the vapor pres-
sure deficit between surface and air and the energy available to vaporize soil water. It should be noted that in
some cases, e.g., when the soil surface dries out, also transfer through the air layer above the soil may become
limiting [Schl€under, 2004; Shahraeeni et al., 2012]. During stage I, evaporative demand is supplied by liquid flow
from the deeper soil toward to a secondary drying front, located at the soil surface [Yiotis et al., 2001]. Stage I
evaporation ends when the water potential at the soil surface falls below a critical threshold value. At this point
of drying, capillary flow ceases and the liquid films become detached from the surface (depinning) which marks
the onset of stage II or falling rate period (FRP) [Belhamri, 2003; Schl€under, 2004]. The secondary drying front
recedes inside the porous medium leading to a lower evaporation rate that mainly depends on porous medium
properties such as pore size distribution. In Richards’ equation, only liquid flow is considered and vapor transport
is neglected, which leads to an overestimated moisture content in the topmost soil layer Therefore, it is essential
to take liquid water, vapor, and heat flow into consideration as demonstrated by Saito et al. [2006].

A couple of methods exists that estimate soil evaporation on large scales from water content distributions
in the surface layer [Abtew and Melesse, 2013; Viscarra Rossel et al., 2011; Stafford, 1988]. Since evaporation
processes are sensitive to changes in the pore system and produce steep gradients of soil moisture in the
shallow layer, noninvasive methods with high spatial resolution in the vertical direction are necessary for
their investigation. Shokri et al. [2008] and Shokri and Sahimi [2012] investigated drying front dynamics by
means of neutron radiography and synchrotron X-ray tomography using coarse sand in a Hele-Shaw cell
and a small cylinder (12 mm height and 5 mm in diameter), respectively. These methods can, however, not
be applied outdoors or directly in the field.

In recent years, Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) have become
versatile toolkits for soil and environmental research since they allow to study processes noninvasively [Hall
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et al., 1997; Nestle et al., 2002]. The main advantages are that these methods directly measure hydrogen and
thus water and they provide versatile information, i.e., besides the mere water content, the local dynamics
of the liquid in the pore system and the motion of tracers can also be observed [Pohlmeier et al., 2013]. NMR
and MRI are used for a broad range of applications to study various processes and materials, e.g., drying of
mortar and cement [Faure et al., 2012; Valckenborg et al., 2001; Van der Heijden et al., 2009], characterization
of natural soils [Haber-Pohlmeier et al., 2010; Jaeger et al., 2009; Pohlmeier et al., 2009; Stingaciu et al., 2010,
2009] and rocks [Song, 2010], mapping of moisture content changes in porous media during drying, wet-
ting, or drainage [Amin et al., 1993; Balcom et al., 2003; Deurer et al., 2002; Faure et al., 2011; Sn�ehota et al.,
2010]. A comprehensive overview on MRI for investigation of mass transport in porous media is given by
Koptyug [2012]. Driven by the fact that conventional MRI devices are immobile and therefore not suitable
for in situ field measurements, portable NMR devices have been developed. One type is a unilateral, open
U-shaped magnet, which probes a sensitive volume at some distance away from its surface [Casanova,
2011]. Such devices use permanent magnets instead of an electromagnet, and are therefore not as heavy
as the device presented by Paetzold et al. [1985].

The primary objective of the present work is to investigate whether the development of a shallow dry layer
during stage II of evaporation can be observed with the unilateral NMR sensor in the laboratory. Such a dry-
ing layer develops under dry soil conditions when the effective water diffusivity increases with decreasing
volumetric water content due to an increasing contribution of vapor flow [Assouline et al., 2013; Keulen and
Hillel, 1974; Shokri et al., 2008, 2010]. For this purpose, we monitored the evolution of moisture profiles in
the topmost layer of a laboratory column filled with natural sand by using 3-D MRI and unilateral NMR. Clas-
sical spin echo methods may suffer from short signal lifetimes, what is mostly the case for natural soils with
an increasing pore surface/volume ratio and the presence of ferromagnetic or paramagnetic elements
[Foley et al., 1996; Hall et al., 1997]. Therefore, as a secondary objective, we evaluated a pure phase-
encoding MRI sequence to determine water contents in soils with short signal lifetimes. As demonstrated
by Muir and Balcom [2012, 2013], this has been proven to be an effective alternative method for fluid imag-
ing in porous media with short signal lifetimes. We therefore compared a spin echo method to a pure
phase-encoding sequence.

2. NMR/MRI Principles

If nuclei with an intrinsic magnetic dipole moment (e.g., 1H) resulting from the spin angular momentum are
exposed to an external magnetic field |B0| along the z axis, the z components of their magnetic moments
will align parallel or antiparallel to the direction of |B0|. For nuclei with spin 5 1/2 like 1H only two states
exist. The energy difference between these two states is proportional to |B0| and corresponds to a reso-
nance or Larmor frequency t0 5 |B0|c/2p, where c (rad s21 T21) is the gyromagnetic ratio. In thermal equilib-
rium, the parallel state is slightly more populated than the antiparallel state since it is energetically more
favorable and Boltzmann’s law describes the population ratio. Macroscopically, all individual magnetic
moments sum up to the macroscopic magnetization vector, which is aligned along the z axis. If this system
interacts with electromagnetic radiation matching the resonance frequency, the magnetization vector is
rotated to a plane orthogonal to |B0|. This is termed the rf-pulse. If the pulse strength and duration are
adjusted properly, all magnetization is in the x-y plane, this is a so-called 90� pulse. It should be noted that
also smaller (e.g., 4�) or larger (180�) flip angle are employed when appropriate. The magnetization in the x-
y plane precesses now around the z axis with the resonance frequency t0 and induces an observable signal
(Free Induction Decay FID) which decays by two types of relaxation: (a) longitudinal or T1 relaxation where
the spins will realign along |B0| and (b) transversal or T2* relaxation where the spins lose their coherence
due to spin-spin interactions and due to the inhomogeneity of the magnetic field. For porous media, 1/T2*
is composed of four major partial relaxation rates:

1=T�2 51=T2;bulk11=T2;surface11=T2;diffusion11=T2;inhomogeneous (1)

where T2,bulk (s) is the bulk water relaxation time, T2,surface is the surface enhanced relaxation time at the
pore walls, T2,diffusion comprises relaxation due to diffusion in external and internal magnetic field gra-
dients, and T2,inhomogeneous describes the decay due to inhomogeneity of the external magnetic field. The lat-
ter effect can be compensated for by the application of a 180� pulse after the excitation which refocuses
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the magnetization in the x-y plane and creates a so-called spin or Hahn echo at the echo time tE after the
excitation pulse [Hahn, 1950]. This is extended to a Carr-Purcell-Meiboom-Gill (CPMG) echo train which is
the standard method for measuring T2 relaxation what is described by the first three terms on the right-
hand side of equation (1) [Callaghan, 1993; Coates et al., 1999; Levitt, 2001]. In bulk water with no dissolved
paramagnetic compounds, motion is not restricted and therefore relaxation is very slow (Tbulk � 3 s),
whereas in porous media, it is often controlled by fluid-solid interactions at the pore wall [Coates et al.,
1999]. The second and the third term in equation (1) are expressed by:

1=T2;surface5q2ðS=VÞpore (2a)

and

1=T2;diffusion5D=12 ðc G tEÞ2 (2b)

where D (cm2 s21) is the molecular diffusion coefficient, G (T m21) the strength of the internal magnetic field
gradient, tE (s) the echo time, and q2 (mm s21) the surface relaxivity parameter. The surface to volume ratio of
the pore (S/V)pore (m21) can be expressed as a/r where r (m) is the pore radius and a (–) a shape factor for
pore geometry (1 5 planar, 2 5 cylindrical, and 3 5 spherical). The initial signal amplitude is proportional to
the spin or proton density and therefore to the moisture, whereas the relaxation time is a measure for the
pore size, if 1/T2, diffusion can be neglected. For a heterogeneous porous medium, mostly multiexponential sig-
nal decay is expected, which is calculated from CPMG echo train curves by inverse Laplace transformation.
The resulting distribution of relaxation times can be related to pore characteristics, e.g., porosity, permeability,
pore size distribution, and the degree of saturation in porous media [Song et al., 2002].

Additional switching magnetic field gradient pulses in the three Cartesian directions can spatially encode
the NMR signal; this is termed as Magnetic Resonance Imaging (MRI). In spin echo imaging sequences

Figure 1. Schematic drawing of the sand column used for the experiments. The blue dotted line depicts the field of view (FOV 5 70 mm
3 100 mm). Only for this uppermost part of the column, moisture profiles were investigated by MRI.
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(SEMS), one can excite multiple slices sequentially by application of a slice selective gradient during the
excitation by the rf-pulse. The intraplane encoding proceeds further by a frequency-encoding gradient that
is applied during the acquisition of the signal that is, in this case, a spin echo. The last dimension is encoded
in between the excitation and spin echo detection by a so-called phase-encoding gradient. The signal, i.e.,
the echo is recorded in the time domain, from which the image in the real space is calculated by inverse
Fourier transformation [Gallagher et al., 2008]. Important image parameters are field of view (FOV), matrix
size, and resulting resolution, which are correlated to the pulse sequence parameters. It should be noted
that also multiple echoes can employed analogous to the CPMG method in NMR relaxometry, either to
accelerate image recording or to encode spatially resolved relaxometric information by the so-called multie-
cho multislice imaging sequence (MEMS) [Edzes et al., 1998].

Furthermore, many pulse sequences exist which replace the slice selection by a second phase-encoding gradi-
ent orthogonal to the other gradients. They have the advantage of higher signal intensity on expense of total
measuring time. Finally, all three spatial directions can be addressed by phase-encoding gradients, which are
employed in the family of single point excitation pulse sequences (SPI). A detailed description of NMR/MRI
and pulse sequences can be found in Bernstein et al. [2004] and McRobbie et al. [2007], respectively.

3. Material and Methods

3.1. Porous Media
A Perspex column was packed (Figure 1) with medium sand (FH31 Quarzwerke Frechen) with a grain size
distribution of 1% (>0.71 mm), 9% (0.5–0.71 mm), 33% (0.36–0.5 mm), 39% (0.25–0.36 mm), 14% (0.18–
0.25 mm), and 4% (<0.18 mm). The column consisted of a cylinder with 110 mm in height and 80 mm in
diameter. Due to fixing reasons in the MRI tomograph, a cylinder with 20 mm in height and 65 mm in diam-
eter was connected to the top. The bottom was closed by a porous plate with pore size of 10–16 mm, a
diameter of 60 mm, and thickness of 5 mm (Robu GmbH, Hattert/Germany). After initial saturation, the bot-
tom was sealed, so evaporation could only take place at the column surface. Evaporation was followed over

a period of 67 days. To calibrate
the MRI signal on moisture, a
sealed reference tube with satu-
rated sand packing was used. All
characteristic parameters of the
sample are summarized in Table
1. Air temperature, relative
humidity, and weight of the sys-
tem were recorded hourly. The
vapor pressure deficit (vpd) was
computed as follows:

vpd ½kPa�5es 12ðRH =100Þð Þ (3)

where RH is the relative humidity
and es is the saturation vapor
pressure according to Buck [1981]:

es5F exp 17:27T =ðT1237:3Þð Þ
(4)

where F 5 0.611 kPa and T is the
temperature in �C. The temporal

Table 1. Van-Genuchten-Mualem Parameters for FH 31

Bulk Density (g/cm3) Total Porosity (hs) hr Ks (cm/d)a a (cm21) l n

1.69 0.34 0.035 1300 0.0385 0.5 8.5

aKs could not be determined with HYPROPVC , parameter taken from Sucre et al. [2011].

Figure 2. Water retention and hydraulic conductivity curves of the FH31 sand material.
The water retention was measured using HYPROP and fitted by using the van Genuchten
model with the parameters given in Table 1. The hydraulic conductivity was calculated
by the approach of Mualem, and the value for the saturated conductivity was taken from
Sucre et al. [2011].
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evolution of the vpd was used as a proxy for the temporal variation of the potential evaporation of the soil
column.

3.2. Hydraulic Properties
The water retention curve of the sand was measured by using the HYPROPVC —Laboratory evaporation
method for the determination of water retention curves and unsaturated conductivity (UMS GmbH,
Munich/Germany). The bulk density and the porosity of the sample were 1.69 g cm23 and 0.36 cm3 cm23,
respectively. The measured water retention curve as well as the hydraulic parameters of the sand derived
from fitting the van Genuchten [Van Genuchten, 1980] function to the data are shown in Figure 2 and pre-
sented in Table 1. It should be noted that the saturated hydraulic conductivity Ks could not be determined
for this type of sand with the HYPROPVC method, and therefore, the value of Sucre et al. [2011] was used for
computing the hydraulic conductivity function based on Mualem [1976].

Table 2. Parameters of the Spin Echo Multislice (SEMS), Single Point Imaging 3-D (SPI3D), Multiecho Multislice (MEMS), and Carr-Purcell-Meiboom-Gill (CPMG) Sequences for NMR and
MRI Measurementsa

Sequence
tR

(s) tE (ms)
a

(�) NE NS FOV (mm) Slices
Resolution (x,z,y)

(mm)
Derived

Parameters
Measurement

Time (min)

SEMS 10 3.04 90 1 2 70 3 100 35 0.78 3 3.1 3 0.78 M(te) 60
SPI3D 0.01 0.05 (tP) 6 2 120 3 150 3 120 3.75 3 2.34 3 3.75 M(tp) 45
MEMS 13 4 90 128 2 70 3 100 3 0.78 3 3 3 0.78 M0, T2,eff 120
CPMG (4.7T) 7 2.4 90 1536 1 M0, T2,eff 0.05
CPMG (MOUSE) 7 0.1 90 1536 128 10 40 3 0.14 3 40 M0 180

atR 5 repetition time; tE 5 echo time; tp 5 time after pulse; a 5 flip angle; NE 5 number of echoes; NS 5 number of scans; FOV 5 field of view; T2,eff 5 transverse (or spin-spin) relaxa-
tion time; M0 5 initial magnetization; Mobile Universal Surface Explorer (MOUSE).

Figure 3. (a) Spin Echo Multislice (SEMS) imaging sequence. In the presence of a slice selection gradient, the spins are excited by a 90�

pulse; thereafter, frequency and phase-encoding gradients ensure spatial encoding. At a certain time tE/2, a 180� pulse is applied in pres-
ence of the slice selection gradient to rephrase the spins and eliminate influences of magnetic field inhomogeneity. The signal (echo) will
be received after a certain time (tE) in the presence of the frequency-encoding gradient. (b) Single Point Imaging 3-D (SPI3D). Only phase
encoding in all spatial directions is used during the excitation of the complete sample volume. The signal (FID) will be recorded immedi-
ately after excitation (tp). (c) Carr-Purcell-Meiboom-Gill (CPMG) sequence. After excitation (90� pulse) several 180� pulses (echo train) detect
T2 relaxation rate. After Bluemich [2005] and Varian [2007].
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3.3. NMR/MRI Setup
For imaging, we used a 4.7 T (t0 5 200 MHz) high field vertical ultrawide bore superconducting
magnet (Magnex Scientific, UK), a 300 mT/m gradient system, and a ‘‘birdcage’’ type quadrature rf-
resonator with an internal diameter of 100 mm and 100 mm length, operated by a Varian console.
During drying of the sample, images were recorded at certain times by two different sequences.
The parameters used for MRI are listed in Table 2. Figure 3 depicts the characteristics of each
sequence. For detailed information on MRI/NMR sequences, the reader is referred to Bernstein et al.
[2004]. The position of the column inside the scanner was kept identical for all measurements,
including at least 1 cm of the reference tube and 4 cm of the column inside the field of view (Fig-
ure 1). The NMR-MOUSE (Model PM-25, Magritek Ltd., Wellington/NZ) is a portable open NMR sen-
sor, operated by a KEA2 spectrometer (Magritek Ltd., Wellington/NZ) and processed by the Prospa
software package (Magritek Ltd., Aachen/Germany). Based on the principles of ‘‘inside-out’’ NMR,
the device is equipped with permanent magnets in U-shaped configuration generating a gradient
perpendicular to the surface. The MOUSE operates at a reference frequency of 13.4 MHz with a

Figure 4. Mobile Universal Surface Explorer (NMR-MOUSE). The sensor is mounted on a lift, enables the sensitive volume (40 mm 3 40 mm
3 0.14 mm) to change the distance to or through an object, respectively. The sensor was put on the head on two pillars to investigate
moisture profiles from the columns surface down to 18 mm depth.

Figure 5. (left) Vertical slice of the column investigated by MRI using a SEMS sequence. (right) Horizontal slice with the determined region
of interest (ROI), which is equal to the area probed by the unilateral NMR sensor.
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gradient of 7.5 T/m at a dis-
tance of 25 mm from the
magnet surface with a resolu-
tion (thickness of the excited
volume) of 0.1 mm. The sensi-
tive volume is excited by an
rf-coil that is placed 5 mm
above the magnet, so that the
effective maximum penetration
depth is 18 mm. A profile is
measured by moving the mag-
net by a lift, where the sensi-
tive volume is moved through
the upper 18 mm of the sam-
ple. A sketch of the device is
presented in Figure 4 whereas
a detailed description of the
system as well as the concept

of single sided NMR is given in Blumich et al. [1998] and Casanova [2011]. The unilaterally meas-
ured moisture profiles were recorded using nine steps at a separation of 2 mm resulting in a maxi-
mum penetration depth of 18 mm. Table 2 lists all specific parameters for each sequence.

3.4. Moisture Profiles
MRI measurements were processed as follows:

First, the homogeneity of the sample was checked via T2 mapping using a multiecho multislice (MEMS)
sequence [Bernstein et al., 2004]. For each voxel, an exponential function was fitted to the echo train decay:

Figure 6. Evaporation rate normalized on vapor pressure deficit as an average over 7
days. The period between day 48 and 55 marks the onset of stage II evaporation.

Figure 7. (left) Calibration relations between MRI signal and volumetric water content obtained with (a) SPI3D and (b) SEMS, where the
gray lines are linear fits. (right) MRI cross section through the calibration phantom for (top) single point imaging and (bottom) spin echo
multislice, where each pot is different in water content (h (mm3 mm23) 1: 0.4, 2: 0.34, 3: 0.26, 4: 0.2, 5: 0.13, 6: 0.08, 7: 0.05).
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M
�

t
�
5M0 exp – ðNE� t EÞ=T2;eff Þ

� �

(5)

where M(t) is the signal ampli-
tude, M0 the initial magnetiza-
tion, NE the number of echoes,
and T2,eff the effective T2 relaxa-
tion time. Second, for both, SPI
and SEMS, the investigated
images were normalized on a sat-
urated sample. From the normal-
ized MRI signals and the water
content of the reference sample,
the moisture content for each
voxel was calculated. This proce-
dure is based on the assumption
that the relation between the
MRI signal and the water content

is linear. To check this assumption, MRI signals of various calibration samples using the same sand with sim-
ilar packing density and known water content were measured using identical parameters for SEMS and
SPI3D as used for the sand column. Since the MRI signal was not homogeneous in a horizontal slice of the
calibration samples, the average MRI signal of a region of interest in the calibration samples was plotted
versus the gravimetric water content (Figure 5). For the unilateral sensor the following procedure was used:
the obtained CPMG echo decay train was fitted by an exponential decay function (equation (5)). Since the
reference sample that was used for MRI could not be measured with the unilateral NMR sensor, a water
sample (with volumetric water content of 100%) was used as a reference. M0 obtained from the soil sample
was divided by M0ref obtained from the water sample to determine the volumetric water content for each
volume.

Figure 8. Vertical cross section of the saturated column. Distribution map of effective
transverse relaxation times T2,eff obtained by fitting equation (5) to images obtained by
SEMS sequence.

Figure 9. Moisture profiles over time monitored by SEMS, SPI3D, and the unilateral NMR for the topmost 30 mm (SEMS and SPI3D) or
18 mm (unilateral NMR) of the column (soil surface 5 0). The profiles should be read from right to left starting with the saturated condi-
tion (start) on the right. The gravimetric total water contents are plotted as crosses on the abscissa.
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4. Results and Discussion

4.1. Drying Rate and Environmental Conditions
The evaporation rate normalized on the vapor pressure deficit (vpd) over 67 days is shown in Figure 6 as an
average over 7 days. The evaporation rate was determined from the rate of mass loss recorded hourly by a
digital balance. During stage I, the normalized evaporation rate was approximately around 2 mm d21 kPa21

with a corresponding total mass loss of 153.6 g. After day 52, the rate dropped to 0.75 mm d21 kPa21 and a
continuous decrease in the normalized evaporation rate could be observed until day 67 with a correspond-
ing mass loss of 25.6 g. During 67 days of drying, the volumetric moisture content decreased from hs 5 0.34
to 0.05 cm3 cm23 after 67 days yielding an overall mass loss of 179.2 g.

4.2. MRI and Unilateral Moisture Profiles
In Figure 7, MRI images of horizontal slices through the middle of the calibration tubes obtained by SEMS
and SPI are presented. Despite the fact that the sand was homogeneously packed and mixed with water,
the MRI signal was not homogeneous for these tubes. The signal heterogeneities might have been caused
by layering effects due to the packing, what can led either to variations in water content or in signal
because of shorter T2 times. However, these signal heterogeneities were averaged out when calculating the
water content profiles. Between h 5 0.05 and 0.4 cm3 cm23, a linear relationship between signal intensity
and volumetric water content was assumed to derive the moisture content from the MRI signal intensity.

Layering effects due to packing as well as cracks can influence evaporation in several ways; therefore, we
checked for heterogeneities using a MEMS sequence. Figure 8 exhibits no significant heterogeneous T2 pat-
terns for the used column, but larger pore sizes (longer T2) were observed near the walls where packing
was less dense. The drying stages during the experiment could be linked to the shape of the vertical soil
moisture profiles that were derived from MRI measurements. Figure 9 shows vertical soil moisture profiles
that were monitored using MRI and the unilateral NMR sensor. During stage I, the moisture content in the
upper soil layer was virtually homogeneously distributed, and the evaporation front is located at the soil
surface. After reaching a critical water content at the surface (0.035 cm3 cm23 for the used column at day
50), the secondary evaporation front receded into the soil forming an increasingly thick dry surface layer.
Water transport was now controlled by the vapor pressure gradient and evaporation flux proceeded via
vapor transport. With increasing thickness of the dry layer, the overall evaporation rate decreased. The drop

Figure 10. T2 distribution functions for the upper 30 mm of the column over 67 days of drying. The inset shows the evaporation rate nor-
malized on vapor pressure deficit as an average over 7 days, where the red arrow indicates the peak shift in the T2 distribution coincided
with the drop in the evaporation rate at the transition from stage I to stage II.
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in the normalized evaporation rate coincided with the time where a receding secondary evaporation front
was observed in the moisture profiles. Onward drying, the drying rate continued to decrease and the sec-
ondary evaporation front receded deeper into the soil, with a final depth of 20 mm at day 67. The moisture
content profiles obtained by SEMS (dotted lines in Figures 9) exhibited a nearly homogenous saturated
upper part of the initially saturated column and are in good agreement with the gravimetrical determina-
tion. With increasing drying the profiles investigated by SEMS showed a homogenous drying behavior dur-
ing stage I. The development of a steep moisture gradient in the upper 1 cm after a certain time was
caused by a decrease in the capillary film which finally ceased when the critical point of drying was reached.
This gradient was still detectable by SEMS after the onset of stage II but now attached to the secondary
evaporation front inside the soil. Comparing the SEMS profiles to those investigated by SPI (dashed-dotted
lines in Figure 9), an identical shape for both drying stages can be found. The most obvious difference
between SEMS and SPI was that single point imaging exhibited higher moisture content for all profiles dur-
ing both stages. These may be related to a baseline offset on the SPI measurement what led to higher mois-
ture content. The assumption of a baseline offset was substantiated by the fact that for both SEMS and SPI,
the investigated profiles were identical in shape for stage I and stage II. The constant baseline offset led to a
small relative deviation at high water content and a large deviation at low water content. However, both
the spin echo as well as the single point imaging sequence enabled to follow the drying process of the col-
umn down to the residual water content. For the unilateral NMR (dashed line in Figure 9) it should be noted
that only the first 18 mm were monitored. The moisture profiles investigated by the sensor revealed similar
homogenous drying patterns with an increasing gradient in the upper part as monitored by SEMS and SPI.
Nevertheless, the investigated moisture content seems to be lower compared to SEMS and SPI. This is a
consequence of the open geometry of the unilateral NMR sensor as well as the thickness of the excited slice
which is only 0.14 mm.

4.3. Relaxation Analysis
Another suitable approach for following a drying process of porous media is to monitor the relaxation
decay over time by using a CPMG sequence. As expected, the amplitudes of the decay curves, obtained
from fitting equation (5) to the data, are directly proportional to the proton density in the measured volume
and, in turn, the moisture content. The open geometry of the sensor is sensitive to environmental radiofre-
quency noise, where the signal to noise ratio (SNR) decreases rapidly with decreasing moisture content. The
relaxation times measured with the unilateral NMR sensor are strongly controlled by diffusion of H2O in the
external 7.5 T/m gradient as described by equation (2b) [Casanova, 2011]. Therefore, we additionally investi-
gated the T2 distribution in the homogeneous magnetic field of the MRI scanner over 67 days in order to
obtain information about the range of pores that remained saturated or that were partially filled with water
(Figure 10). The first distribution curve reflects the condition after 4 days of drying, what in fact can be
assumed as almost saturated (h 5 0.31 cm3 cm23). The distribution functions of the FH31 sand can be
described as a main mode with T2 around 250 ms with a broad shoulder at faster relaxation times (smaller
pores) for the saturated conditions which broadens further at lower water contents. During the drying
period, the logarithmic mean relaxation time T2,av shifted from 150 ms for the state at h 5 0.31 cm3 cm23

after 4 days of drying to 14 ms after 67 days and the total area of the main peak decreases with time. At
day 22, a slight peak shift to 160 ms was observed followed by a constant decrease in amplitude until day
52 where the peak height has decayed to almost zero. Regarding the normalized evaporation rate, the van-
ishing of the slow mode occurred simultaneously with a drop in the rate at the end of stage I. Now, the
maximum of the distribution function is located at 20 ms and shifted further with decreasing moisture to
10 ms after 67 days. The assignment of T2 relaxation modes to pore sizes is not straightforward, since T2 is
prone for diffusional acceleration in internal gradients [Mitchell et al., 2010], especially at high magnetic
fields. However, the fast mode persisted below the critical water content at the transition between stage I
and stage II where continuous water films vanish. Therefore, the most likely interpretation is the assignment
of the fast mode as water at the contact points between the grains and in the corners of the rough grain
surface, where it is strongly retained by capillary forces. At higher water contents water in such areas will be
in fast diffusive exchange with bulk water, and a differentiation from effects due to motion in internal gra-
dients is not possible. Furthermore, bimodality can be due to chemical heterogeneity of surface sites of this
natural product cannot be excluded, since Grunewald and Knight [2011] report on monomodal, slow relaxa-
tion in very pure quartz sand [Grunewald and Knight, 2011]. On the other hand, bimodal T2 distributions of
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sand packings have been reported in the literature and reproduced by numerical simulation using random
walk based on pore space structure derived from analysis of m-CT scans [see Talabi et al., 2009]. We con-
clude that the interpretation of the nature of the T2 distribution functions in unsaturated natural sands
requires further investigation, which is beyond the scope of this paper.

5. Summary and Conclusions

The aim of this study was to investigate moisture content changes in the topmost soil layer during evapora-
tion by means of NMR imaging and a unilateral NMR sensor for assessing its later usage for field measure-
ments. We evaporated an initially saturated sand column in the laboratory over a period of 67 days. Due to
changing environmental conditions in the laboratory, we normalized the evaporation rate on the vapor
pressure deficit where a transition region from stage I to stage II could precisely be determined. The shape
of the soil moisture profiles, monitored by MRI using a spin echo as well as a single point imaging sequence
and a unilateral NMR sensor, may also be used as an additional criterion to distinguish between stage I and
stage II evaporation. The observed measurement differences between SEMS and SPI3D are small. Portable
NMR measurements are feasible for h> 0.03 cm3 cm23 for the used sand and are in good agreement with
the MRI profiles. Therefore, it can be concluded that each method is appropriate to study the drying stages
and the onset of the development of a secondary drying front in a model soil. Finally, additional information
about the shift between stage I and stage II could be obtained from high field relaxation measurements.
For the saturated sand, an approximately bimodal distribution of relaxation times was observed. During
stage I, the peak of the long relaxation times shifted slightly from 250 to 160 ms, decreased and finally van-
ished at the end of stage I. From this time, only the peak representing the fast relaxation times remained
during stage II. Based on the fact that the relaxation mechanisms of transverse relaxation at high field NMR
are not yet fully clear, one may assume that the rapid mode which remains during stage II evaporation is
due to insulated thin water films and water in pores corners. However, this will be one subject to further
investigations.
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