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Abstract: Freeze-thaw cycles play a critical role in affecting ecosystem services in arid regions.
Monitoring studies of soil temperature and moisture during a freeze-thaw process can generate
data for research on the coupled movement of water, vapor, and heat during the freezing-thawing
period which can, in turn, provide theoretical guidance for rational irrigation practices and ecological
protection. In this study, the soil temperature and moisture changes in the deep vadose zone were
observed by in-situ monitoring from November 2017 to March 2018 in the Mu Us Desert. The results
showed that changes in soil temperatures and temperature gradients were largest in soil layers
above the 100-cm depth, and variations decreased with soil depth. The relationship between soil
temperature and unfrozen water content can be depicted well by both theoretical and empirical
models. Due to gradients of the matric potential and temperature, soil water flowed from deeper soil
layers towards the frozen soil, increasing the total water content at the freezing front. The vapor flux,
which was affected mainly by temperature, showed diurnal variations in the shallow 20-cm soil layer,
and its rate and variations decreased gradually with increasing soil depths. The freeze-thaw process
can be divided into three stages: the initial freezing stage, the downward freezing stage, and the
thawing stage. The upward vapor flux contributed to the formation of the frozen layer during the
freezing process.

Keywords: freeze-thaw process; soil temperature and moisture; unfrozen water content; water vapor;
deep vadose zone

1. Introduction

Regions with frozen soil are widely distributed in middle and high latitudes, affecting
approximately 50% of the land around the world [1,2]. Soils in these regions will freeze or thaw in
response to variations in soil temperatures, resulting in the phase change of soil water among ice,
liquid water, and water vapor [3-5]. Abundant forest and mineral resources exist in these areas, and the
frozen soil, representing a vital factor of the biological environment, affects productive activities and the
sustainable development of these resources [6]. As the research of the critical zone increases in scope,
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studies on the dynamics in soil temperature and moisture in the vadose zone during freezing-thawing
periods have attracted a growing interest [7,8].

The freeze-thaw process has a substantial impact on the surface energy balance and soil moisture
distribution, significantly affecting soil properties, such as soil structure, permeability, conductivity,
and bulk density, making it difficult and complicated to study water flow, heat transport, and related
parameters in seasonally frozen soils [9-11]. For instance, the freezing process reduces soil and air
permeabilities, influences the heat exchange, and changes the distribution of soil water. Furthermore,
phase transitions of soil water occur frequently due to freeze-thaw cycles, resulting in variations
in unfrozen water contents at subzero temperatures [12,13]. Physical properties of frozen soil in
cold regions are strongly dependent on temperature when unfrozen water is present, and both
unfrozen water and soil temperature control the freeze-thaw process and soil water migration [2,14,15].
Also, the presence of salts can alter the freeze-thaw process in soils and their transport during the
freeze-thaw period could lead to increased soil salinization [16,17]. The coexistence of unfrozen water
and ice in frozen soil affects its hydrological and thermal properties, becoming a significant factor
for many engineering and environmental applications [18]. During the freezing process, unfrozen
water flows in the direction of soil matric potential and temperature gradients from unfrozen soil in
deeper soil layers, increasing the water content of the frozen layer [19-21]. The total soil water during
the freezing period can be divided into “freezable” unfrozen water, absorbed water, and unfreezable
water [22,23].

In arid areas with a deep groundwater level, moisture migration in the vadose zone often takes
place in the form of water vapor [24,25], and the transformation between liquid water and water vapor
occurs continuously, which results in water vapor playing a key role in maintaining surface vegetation
and ecosystems [26,27]. Water vapor, driven mainly by temperature gradients, flows from warmer
to cooler soil layers and performs a critical function in affecting variations in soil water contents in
the vadose zone [28,29]. The existing literature indicates that vapor flow has a significant influence
on variations in soil water contents during the freeze-thaw process under such conditions [24,30].
Both liquid water and water vapor flow upward towards the freezing front, and it is water vapor that
connects water transfer below the freezing front and above the evaporation front [30]. Furthermore,
since water vapor fluxes can become larger than liquid water fluxes in deep soil layers, only a model
considering the coupled movement of water, vapor, and heat can fully describe critical physical
mechanisms of the hydrological cycle in the vadose zone [31].

Many studies have evaluated coupled interactions between water and heat, and the influence
of freeze-thaw cycles on soil properties. However, most of these studies were carried out either in
laboratories or in areas with shallow groundwater, which have obvious spatial limitations [14,32].
Therefore, in-situ monitoring of the deep vadose zone is highly needed to improve our understanding
of dynamic changes in the spatial-temporal distributions of moisture and temperature in frozen soils.
Moreover, monitoring studies of soil water and heat movement under the freeze-thaw process in a
deep vadose zone can provide data required for the development and validation of models simulating
the coupled movement of water, vapor, and heat under such conditions, as well as for establishing
practical guidance for rational irrigation management and ecological protection.

Therefore, the objectives of this study were (i) to monitor the soil temperature and moisture
changes of the 8-m deep vadose zone in the Mu Us Desert during freezing-thawing periods, (ii) to
analyze spatial and temporal distributions of soil temperatures and water contents, and (iii) to evaluate
water vapor fluxes in the soil profile using Fick’s law.

2. Materials and Methods

2.1. Study Site

The Mu Us Desert is located between the Ordos Plateau and the Loess Plateau in northwestern
China (Figure 1), in the north part of the Shaanxi Province, northeast of the Ningxia Hui Autonomous
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Region, and south of the Inner Mongolia Autonomous Region. The climate in the desert can be
characterized as dry and cold, with large temperature differences and frequent strong winds. Based on
the meteorological data since 1961, annual temperatures range from —31.4 to 36.4 °C, with an average
annual temperature of 6.4 °C. Mean annual precipitation and potential evaporation are 360 and
2343 mm, respectively, and over 60% of the annual rainfall occurs from July to September [33,34].
Total annual sunshine time exceeds 3000 h, with total radiation of 608.37 kJ/cm?. The Mu Us Desert
is typically subject to seasonal freezing, with the freeze-thaw process from November to March.
The frozen layer usually extends to 100 cm below the soil surface.
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Figure 1. Location of the study site and the field instrumentation layout.

The Mu Us Desert is one of the most vulnerable ecological areas in China. With rapid economic
development and large-scale construction of energy bases, groundwater resources have been extensively
developed, resulting in a significant decline in the groundwater level and an increase in the vadose
zone thickness [35-37]. During the freezing period, diurnal temperature changes have a considerable
effect on soil water movement, and dynamics in soil water contents and temperatures are closely
related to vegetation growth, land desertification, and geologic hazards.

2.2. In-Situ Observations

The field work was conducted at the Yu Lin Desert Ecosystem Research Station (longitude
109°42’29" E, latitude 38°23’19” N, at an altitude of 1157 m above the sea level). At the study
site, sand is the dominant soil fraction in the active soil layer and the land cover is dominated by
Salix Pasmmophila and Artemisia. Vegetation is sparse during the freezing period, covering less than 5%
of the land surface. As shown in Figure 1, a monitoring well with a diameter of 150 cm was dug to a
depth of 900 cm, which is below the groundwater table (the groundwater level was located at a soil
depth of 852 cm on 1 November 2017). Soil samples were collected to conduct the particle size analysis
(Table 1). Sand and clay accounted for approximately 95% and 1% of the soil mass in the vadose zone,
respectively, except for the soil horizon between 80 and 230 cm, where the clay content was slightly
higher. For the measurements not to be influenced by external meteorological conditions, the well was
covered by a 15 cm thick piece of polyethylene foam with the thermal conductivity of 0.03 W/m/K and
a 10 cm thick well cover.

Monitoring sensors were installed at different depths of the soil profile through the wall of
the well (Table 2). To minimize the influence of the well itself on measured values, the average
distance of sensors from the wellbore was 50 cm. Monitoring started 6 months after the sensors
were installed to allow soil to settle and establish better contact with the sensors. The Hydra Probe
I sensors, which are based on the frequency domain (FD) measurement principles, were calibrated
using gravimetric measurements (samples were oven-dried at 105 °C for 24 h; gravimetric water
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contents were converted to volumetric water contents using the soil bulk density) on soil samples
collected from the study site. The concept of unfrozen water content measurements is based on the
confirmed similarity between soil drying-wetting and freezing-thawing processes [3,38]. When testing
at 100 MHz, the permittivity of liquid water (=78) is significantly higher than those of the soil matrix
(=3-5), ice (=3.4) and air (1) [15,38,39]. Moreover, the soil permittivity of the liquid phase is much
more sensitive to soil temperature changes than those of solids and air [40]. Therefore, observed
soil water contents were assumed to represent unfrozen water contents when the soil was frozen.
Soil samples collected from different depths during the freezing period were taken to the laboratory
to determine the total water content by an oven drying method. All sensors in the monitoring well
were linked to a solar-powered automatic data-logger (CR1000), which recorded data at a 10 min
interval. An automatic micrometeorological station was installed to record related meteorological
variables at a 30 min interval, such as wind speed, air temperature, relative humidity, and precipitation.
The observed data at the study site, from 1 November 2017 to 31 March 2018, was collected to analyze
the variations in soil temperature and moisture during the freeze-thaw process.

Table 1. Measured soil particle composition and bulk density at different depths.

. Soil Particle Composition (%) Bulk Density
Soil Layer (cm) Sand Silt Clay (g/em®)
0-10 96.2 3.1 0.7 1.57
10-50 95.7 3.2 1.1 1.59
50-80 95.5 3.3 12 1.57
80-160 90.1 54 4.5 151
160-230 91.7 5.2 3.1 1.52
230-560 94.0 47 1.3 1.57
560-800 95.4 3.5 1.1 1.57

Table 2. Monitoring instruments at the study site. Positive heights mean that sensors were installed
aboveground, while negative heights indicate that sensors were installed in the monitoring well below
the surface. Soil temperatures and water contents measured at a depth of 2 cm were considered to
represent the changes at the soil surface.

Variables Sensors Manufacturers Height/Depth (cm)
Wind speed (m/s) and Davis Cup
wind direction Anemometer Decagon 240
Precipitation (mm) ECRN-100 Decagon 200

Air temperature (°C) and

relative humidity VP-3 Decagon 20

Soil temperature (°C) and 2, ~10, 20, =50, ~100,

Hydra Probe II Stevens —-130, —200, —400, —630
3/em3 y , , , ,
water content (cm”/cm>) —660 —800
-2, -10, —20, —-50, —100,
Soil matric potential (hPa) TensioMark Stevens —130, —200, —400, —630,
—660 —800
Soil heat flux (W/m?) HFP01 Hukseflux —20, —200, —800
Groundwater level (cm) Submers1blg Depth Stevens -880
Transmitter

Figure 2 shows the mean, maximum, and minimum air temperatures during the observation
period. Air temperatures varied greatly during each day, with a mean diurnal temperature range of
22.8 °C, which dropped sharply in November and then increased in March. The mean temperature of
the coldest month (January) and warmest month (March) during the study period reached —11.5 and
6.1 °C, respectively. Rainfall and snow during the study period were only 20.8 mm. It is clear that
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snow had little effect on variations in the unfrozen water content at shallow depths during the freezing

period (Figure 2b,c).
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Figure 2. (a) Measured air temperature, rainfall, and snow during the period from November 2017
to March 2018 at the study site; and (b,c) unfrozen water content at the 10 cm depth during two

snow periods.

2.3. Mathematical Calculations

2.3.1. Soil Heat Transport

Many analytical solutions of the soil energy balance equation coupled with Fourier’s law exist.
One of them holds for homogeneous soils, no flow conditions, and an upper boundary condition
given by a temperature sine wave with average temperature T (°C), a temperature amplitude Ag
(°C), the time period 7 (e.g., 24 h or 365 day), and a constant (both temporally and spatially) thermal

diffusivity Ky [41]:

T(z,t) = To+ Ao exp(—g) sin(a)t +¢- 2)

@

where T is the temperature (°C),  is time (h), z is depth (cm), d is the damping depth (cm), w is
the angular frequency (h™!), and ¢ is the phase constant (-). The damping depth d and the diurnal

amplitude A, (°C) at depth z can be calculated as follows:

KTT

Tt

A, = Agexp(

z

)

)

®)
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2.3.2. Unfrozen Water Content

Based on the analogy between freezing and drying processes and the assumption that the ice
pressure is equal to zero at freezing conditions, the relationship between soil subfreezing temperature
and the liquid water matric potential can be expressed using the generalized Clapeyron equation [13]:

L

h
g To

4)
where /1 is the liquid water matric potential (m), Ly is the latent heat of vaporization (approximately
3.34 x 10° J/kg), g is the gravitational acceleration (=9.81 m/s?), T is the temperature (K), and T} is the
freezing point of liquid water (=273.15 K).
According to the van Genuchten [42] model, the soil-water characteristic curve, which relates the
water content with the pressure head, is as follows:
0s — 0,

0,(h,T) = 6, _ 5
b T) +[1+|—ah(T)("] ®

where 0}, 0,, and 0; are the liquid, residual, and saturated water contents (m3/m?), respectively, and &
(m™'), n (-), and m (-) are empirical parameters. The soil hydraulic parameters can be estimated
from soil physical properties using neural network-based pedotransfer functions implemented in
the numerical model HYDRUS-1D [43]. Equations (4) and (5) can be used to characterize the soil
freezing characteristics curve to predict the unfrozen soil water content with measured subfreezing
temperatures instead of measured pressure heads.

Additionally, an empirical method proposed by Xu et al. [44] can estimate the variations of
unfrozen water contents with subfreezing temperatures:

0, = a(-T)" (6)

where coefficients a and b are empirical constants that depend on soil texture and the initial water
content. These two coefficients can be estimated using two (subscripts 1 and 2) freezing temperatures
T¢ (°C) and corresponding unfrozen water content 0 (m3/m?) data pairs as follows:

In6; —-InH,

b= _111 Tfl —In sz (7)

a—= Qlelb (8)

2.3.3. Thermal Vapor Flux

In general, the vapor density p, (kg/m?), which is used to calculate water vapor fluxes, can be
calculated as a function of the saturated vapor density ps, (kg/m®) and relative humidity H, as
follows [45]:

Pov = Pso X H, )

The saturated vapor density can be expressed as a function of temperature:

exp(31.3716 — S — 792495 x 1073T)
Pso = = x 1073 (10)
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and the relative humidity H, can be calculated using a thermodynamic relationship between liquid
water and vapor in the soil as follows:

Mgh) an

H, = exp(ﬁ

where M is the molecular weight of water (=0.018015 kg/mol) and R is the universal gas constant of
water vapor (=8.315 J/mol/K).
The thermal vapor flux g, (m/s) can be calculated using Fick’s Law:

aT
g = =K

UTZ (12)

where K7 is the thermal vapor hydraulic conductivity (m?/K/s), which can be expressed as follows:

D dpsv
Kot = p_wnHr AT

(13)

where D is the vapor diffusivity in soil (mz/s), which is defined as D = D,0,7, where D, is the vapor
diffusivity in air (=2.12 x 1075(T/273.15)? m?/s), 0, is the air-filled porosity (m3/m?), 7 is the tortuosity
factor (=60,73/642) [46], pw is the density of liquid water (kg/m3), and 7 is the enhancement factor (-)

that can be calculated as follows [47]:
0 26101
n=95+4+3—-85exp{—|[1+ —=|= (14)
s A/ fc 0s

where f. is the mass fraction of clay in the soil (-).
3. Results

3.1. Measured Spatial-Temporal Distribution of Soil Temperature

The spatial-temporal distribution of soil temperature measured during the observation period
is shown in Figure 3. At the beginning of monitoring, soil temperatures in the upper part of the
vadose zone were relatively low, while the maximum temperature (15.4 °C) was observed at a depth of
400 cm, resulting in an upward temperature gradient. As air temperatures kept falling after November,
soil temperatures decreased accordingly and were invariably higher than air temperatures, resulting
in the soil being exothermic. Due to a persistent upward heat flux, the depth of the maximum soil
temperature in the vadose zone continued to increase, eventually reaching the 800 cm depth on
1 January. During this time period, the heat flux recorded by HFP01 at a depth of 800 cm decreased from
a positive (downward) value of 0.76 W/m? to a negative (upward) value of —0.02 W/m?2, which was
consistent with observed soil temperatures. Measured data indicated that soil temperatures above
a depth of 200 cm reached their lowest values gradually in February and subsequently rose with
an increase in air temperatures, especially in the top 50 cm layer, where they exceeded 10 °C. As a
result, soil temperatures between depths of 100 and 200 cm became the lowest throughout the vadose
zone. It should be noted that soil temperatures in the lower part of the vadose zone retained a slowly
decreasing trend, even at the end of the observation period.



Water 2020, 12, 1261 8 of 18

Time (m/d/y)
1MMN7 111117 11721117 121117 1212117
L ——— s :

—

Depth (cm)

(a) November (b) December (c) January

2/118 2/11/18 2/21118 3/1/18 3111718 3/21/18

Temperature (‘C)

Depth (cm)

(d) February (e) March

Figure 3. Spatial and temporal variations of soil temperatures during the months of (a) November 2017,
(b) December 2017, (c) January 2018, (d) February 2018, and (e) March 2018.

It is evident that the spatial distribution of temperature gradients (Figure 4) is consistent with soil
temperatures, with temperature gradients decreasing with increasing soil depths. Note that variations
in temperature gradient at soil depths above the 20 cm depth differed greatly (about 1-2 orders of
magnitude) from those at deeper soil layers. During the freezing period, the temperature gradient
varied from 0.248 to 0.055 °C/cm between the soil surface and a depth of 100 cm, reflecting obvious
variations in soil temperature in this layer. On the contrary, temperature gradients were relatively
low in the lower parts of the vadose zone. During the thawing period, the soil layer above a depth of
100 cm displayed negative (downward) temperature gradients, especially in the top 20 cm depths,
with the gradients ranging from —0.102 to —0.051 °C/cm.
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Figure 4. Spatial and temporal variations of soil temperature gradients during the months of
(a) November 2017, (b) December 2017, (c) January 2018, (d) February 2018, and (e) March 2018.
The temperature gradient was calculated as AT/Az = (Tj41 — T;)/Az, where T;;1 and T; are soil
temperatures at depths i and i + 1, respectively, and Az is the vertical distance between depths i
and i+ 1.

Table 3 provides a list of quantitative variables characterizing variations of soil temperatures at
different depths. During the observation period, soil temperatures at depths of 2, 10, and 20 cm ranged
from —12.4t0 15.9 °C, —10.1 to 14.0 °C, and —8.6 to 13.1 °C, respectively, and were significantly affected
by changes in air temperatures (with correlation coefficients of 0.952, 0.938, and 0.899, respectively).
The range of temperature variations decreased with depth, and the temperature changes became
relatively small below the 200 cm depth (less than 10 °C). Furthermore, the coefficient of variation (Cy),
as expected, decreased as the soil depth increased, indicating a weakening trend in soil temperature
variations with depth.

As the soil in this study is relatively dry (as discussed below in detail), the effect of the specific
heat of freezing/thawing can be neglected, and the Equation (3) can be used to approximate soil
temperatures with depth at subzero temperatures as well. Figure 5 illustrates measured and calculated
(with Ty = =2.1°C, Ay = 5.4 °C, and Kt = 20.7 cm?/h) diurnal soil temperature amplitudes as a function
of depth. The results show that calculated and measured temperature amplitudes agreed well, with a
correlation coefficient of 0.98. The observed diurnal temperature amplitude at the soil surface, and at
depths of 10 and 20 cm, were 5.4, 2.7, and 1.4 °C, respectively, while the amplitude became much
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smaller (less than 0.1 °C) below the 100 cm depth. Calculated values were always slightly lower
than measured values, which was mainly because the measured amplitude at a depth of 2 cm was
adopted to represent temperature variations at the soil surface, resulting in a lower value of the diurnal
temperature amplitude at the surface (Ap).

Table 3. Daily temperature characteristics calculated for different depths. The coefficient of variation is
calculated based on the Kelvin temperature scale.

Depth (cm) Average Minimum Maximum Standard Coefficient of
Temperature (°C) Temperature (°C) Temperature (°C) Deviation (°C) Variation

2 -21 -12.4 15.9 6.67 0.0246
10 -1.5 -10.1 14.0 5.90 0.0217
20 -0.8 -8.6 13.1 5.19 0.0191
50 0.7 -53 10.6 4.03 0.0147
100 2.7 -1.7 11.9 3.66 0.0133
130 43 0.6 13.0 3.48 0.0125
200 6.9 35 14.5 3.35 0.0120
400 10.7 7.9 15.4 243 0.0086
630 12 10.4 14.1 1.26 0.0044
660 12.1 10.7 13.8 1.06 0.0037
800 12.3 11.6 13.3 0.61 0.0021

204

Depth (cm)
8

(=2}
(=]
L

®  Measured

80+

Calculated

100 = T T T T T T T T
0 1 2 3 4 5 <]

Soil temperature amplitude (°C)

Figure 5. Changes in the diurnal soil temperature amplitude as a function of depth.

3.2. Measured Spatial-Temporal Distribution of Soil Water Content

Figure 6 shows the spatial-temporal variations of the unfrozen water content during the observation
period. The changes in the unfrozen water content were distinctive between the soil surface and a
depth of 100 cm. Due to intensive solar radiation and sparse rainfall, the average water content in the
soil profile was very low: approximately 0.06 cm3/cm?. During the freezing period, the unfrozen water
content gradually decreased with time elapsed. The measured data showed a significant decrease
in the unfrozen water content at depths of 10, 20, 50, and 100 cm on 24 November, 1 December,
10 December, and 26 January, respectively, demonstrating the phase change of liquid water. On the
other hand, a decrease in the unfrozen water content below the 100 cm depth was only about, or less
than, 0.01 cm3/cm3. As temperatures increased, the frozen layer gradually thawed after late February.
Compared with the period before freezing, the soil water content changed after the frozen layer
completely melted. For example, a decrease in the soil water content at a depth of 100 cm was about
16%, from 0.114 to 0.096 cm3/cm3. Since water contents were not affected by external factors, such as
rainfall, this observation proves that the freeze-thaw process contributed to the redistribution of soil
moisture in the soil profile. Meanwhile, the correlation coefficients between soil temperatures and
unfrozen water contents were generally high with an average value of about 0.9 (as shown in Table 4),
indicating similar trends (first decreasing and then increasing) in soil temperatures and water contents
at corresponding depths. The minimum value (0.754) occurred at the 100 cm depth, which was mainly
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due to a sudden decrease in the unfrozen water content (Figure 6¢) while soil temperature dropped
gradually (Figure 3c).

Time (m/d/y)
11117 111117 11/21/17 1211117 121117 12/21/17 1/1/18 1/11/18 1/21/18
1 n 1 L 1 1 1 i 1 i 1 i

Depth (cm)
A
8

-600
-700
-800
(a) November (b) December (c) January
2/118 21118 2121118 3/1/18 3/11/18 3/21/18
C 1 1 . 7= -

Unfrozen water content
(cm*/cm?)

0.125
0.105

0.085

Depth (cm)

0.065

0.045

0.025

0.005

(d) February (e) March

Figure 6. Spatial and temporal variations of the soil unfrozen water contents during the months of
(a) November 2017, (b) December 2017, (c) January 2018, (d) February 2018, and (e) March 2018.

Table 4. Correlation coefficients between soil temperatures and unfrozen water contents at various
depths. All values pass the test at a 0.01 significance level.

0 cm 10 cm 20 cm 50 cm 100cm 130cm 200cm 410cm 630 cm 660 cm 800 cm
0.907 0.918 0.906 0.887 0.754 0.912 0.957 0.919 0.914 0.915 0.906

A wetter soil layer with the soil water content from 0.08 to 0.12 cm3/cm? existed between depths
of 80 and 230 cm, which may be attributed to two factors. First, due to the temperature gradient,
both liquid water and water vapor would flow upward and accumulate in this layer. Second,
although the entire profile was mainly composed of sandy soil, the clay and silt fraction represented a
considerable proportion (approximately 10%) of this soil layer, resulting in higher water retention and
more restricted soil water movement in this layer.

Figure 7 shows the relationship between the unfrozen water content and subfreezing temperature,
and Table 5 lists the fitted parameters for both theoretical (Equation (5)) and empirical (Equation (6))
models. It is apparent that both models fitted observed data well at two different depths. The unfrozen
water content began decreasing when soil temperature dropped below 0 °C, and the temperature
range between 0 and -2 °C can be regarded as an apparent phase transformation temperature interval
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for the Mu Us sandy soil. In this temperature interval, a decrease in the unfrozen water content
accounted for over 75% of the total water content. Most free water in the soil matrix froze in this
temperature interval, and unfrozen water remained only in very small pores where ice cannot be
easily formed. The downward trend in the unfrozen water content slowed when temperature ranged
between -2 and —4 °C when unfrozen water consisted mainly of film water and absorbed water.
Owing to this restriction, remaining unfrozen water (close to the residual water content) cannot easily
freeze, and the change in the unfrozen water content became relatively low when soil temperature
was below —4 °C. Also, the slope of the declining trend at a depth of 10 cm depth was steeper than at
a depth of 20 cm. The minimum unfrozen water content was lower at a depth of 10 cm, which was
mainly due to slightly different soil textures.

0.06 3 T T r T r T 0.06 T T T T
1 (a) 10cm 1 (b) 20cm
"2 0.05 "= 0.05
2 2
”':E *  Measured ol £ * Measured
f’ 0.04 4 van Genuchten (R=0.97 RMSE=0.0016) H f 0.04 4 van Genuchten (R=0.92 RMSE=0.0019)
5 ——— Empirical (R=0.91 RMSE=0.0018) o 5 ——— Empirical (R=0.94 RMSE=0.0014)
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z ]
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Figure 7. The relationship between the unfrozen soil water content and soil temperature at depths of
10 (a) and 20 (b) cm. Figures show experimental data, as well as the van Genuchten (Equation (5)) and
empirical (Equation (6)) functions. R is the correlation coefficient, and RMSE is the root mean square
error (cm3/cm3).

Table 5. The fitted parameters for the van Genuchten and empirical models.

Depth (cm) Van Genuchten Model Empirical Model
o, O o n m a b

10 0.01 035 0.034 1.55 0.35 0.023 -0.294

20 0.014 035 0.034 1.61 0.38 0.024 —-0.141

Table 6 lists the measured total water content and liquid water content data during the freezing
period. The results indicated that the total soil water content above the depth of 50 cm displayed an
increasing trend, especially in the shallow depth of 20 cm, and the ratio of liquid water content to
the total water content gradually decreased with time elapsed. This phenomenon occurred mainly
because a decrease in the unfrozen water content at the freezing front resulted in a sharp decline in the
soil water potential, causing the unfrozen water from deeper soil layers to flow upward, towards the
freezing front, and then to freeze there. Similarly, water vapor was flowing from deeper soil layers
upward due to the temperature gradient (as discussed below in detail).
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Table 6. The total soil water content 6; (cm3/cm?®) measured using the drying method and the liquid
soil water content 8; (cm3/cm?) measured using the Hydra Probe II sensors at different soil depths and
at different times.

19 December 2017 9 January 2018 5 February 2018
Depth (em) 0,  0/0: 6 0,  0/0: 6 0,  0,/0:
10 0.055  0.012 0.22 0.061  0.013 0.21 0.063  0.011 0.17
20 0.052  0.019 0.37 0.056  0.018 0.32 0.059  0.018 0.31
30 0.050 - - 0.053 - - 0.055 - -
40 0.051 - - 0.055 - - 0.056 - -
50 0.051  0.034 0.67 0.055  0.033 0.60 0.054  0.027 0.50

3.3. Water Vapor Flux

The calculation by Equation (9) showed that the vapor density remained in near-saturated
conditions in the vadose zone during the non-freezing period, with the relative humidity reaching or
acceding 99%. When the soil was frozen, the relative humidity declined with a decrease in the soil
pressure head and temperature (e.g., it was about 90% at —10 °C), causing a reduction in the vapor
density. Moreover, the results indicate that variations in soil temperature had a great influence on the
vapor density. For example, a temperature increase of 1 °C would produce an increase of over 6% in
the vapor density.

Figure 8 shows the distribution of the vapor density in the soil profile at three typical dates:
before freezing (on 16 November), during the stable freezing stage (on 1 February), and after melting
(on 25 March). Before the freezing period started, the vapor density was much smaller in the shallow
soil layer than below it, while the maximum value of 12.5 X 107 g/cm?® occurred at the 400 cm depth.
During the freezing period, the pressure head and soil temperatures in the frozen layer decreased
sharply, resulting in a low vapor density and an upward vapor density gradient in the vadose zone.
By comparison, the vapor density in the shallow layer increased significantly after melting, and the soil
depth between 100 and 200 cm had the lowest vapor density (around 6.7 x 107 g/cm3). Additionally,
the vapor density in the top 20 cm soil layer showed diurnal variations in all three cases, with an
upward gradient of the vapor density during nighttime and a downward gradient of the vapor density
during the daytime.

0 T Ay | T T T T T
W @1 - 1
10 4 g 4 - 4 4
20 - 4 - -4 -
30 4 -4 - - A
40 4 4 4 4 4
) ]
0 o B |
E ¥ T T T . " T
=
~ 2004 44 4
= 2:00 am
400 - ®— 6:00 am 44 4
—a— 10:00 am
—¥v— 2:00 pm
60011 _e—6:00 pm 11 1
—4—10:00 pm
800 L2 L I O UL I T A S |

— y
2 4 6 8 10 12 14 0 2 4 6 8 10 12 4
Vapor density (10 g/em?)

Figure 8. The depth distribution of the vapor density on different days: (a) before freezing (16 November),
(b) during the stable freezing stage (1 February), and (c) after melting (25 March).
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Figure 9 shows thermal vapor fluxes in the 10-20 and 50-100 cm soil layers on three typical days
calculated using Equation (12). It is apparent that the vapor flux is affected by temperature changes
in the shallow 20 cm depth. In this soil layer, on 16 November, water vapor flowed upward (about
0.003 cm/day at a depth of 10 cm) during most of the day, which was similar to variations on 1 February.
However, with an increase in air temperature during the daytime, soil temperatures at the 10 cm
depth were higher than at the 20 cm depth from 2:00 p.m. to 7:00 p.m. on 16 November and from
1:00 p.m. to 8:00 p.m. on 1 February, respectively, resulting in downward vapor flow during this
time interval. Due to a rapid increase in air temperature after melting, the downward vapor flux
sustained from 11:00 a.m. to 10:00 p.m. on 25 March. The maximum downward vapor flux was
—0.017 cm/day, which was almost five times higher than before. For depths between 50 and 100 cm,
soil temperatures fluctuated only slightly during the day, resulting in small vapor fluxes. While vapor
fluxes were upward on 16 November (about 0.002 cm/day) and 1 February (about 0.001 cm/day),
they were downward on 25 March (about —0.001 cm/day).

0.006

0.003 4

0
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-0.006
0.006

0.003

0 -

-0.003

-0.006

0.015 ————
(©)

0.005 ] --""g_._ :_:

-0.005

Thermal vapor flux (cm/d)

-0.015

<

-0.025 —
0:00 4:00 8:00 12:00 16:00 20:00  24:00
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Figure 9. Diurnal variations of the thermal vapor flux at two layers (10-20 and 50-100 cm) on different
days: (a) 16 November, (b) 1 February, and (c) 25 March. gy10-20 and gos50-100 are calculated vapor
fluxes in soil layers 1020 and 50-100 cm, respectively. Positive values indicate upward vapor flow,
while negative values indicate downward vapor flow.

As for the deep soil layer, the vapor flux showed a decreasing trend with increasing soil depths.
For example, owing to the relatively low temperature gradients, the thermal vapor fluxes at the
800 cm depth were —1.4 X 1074, 1.6 x 1074, and 2.9 x 10* cm/day on 16 November, 1 February,
and 25 March, respectively.

4. Discussion

4.1. Characteristics of the Freeze-Thaw Process

The freezing depth, defined as the depth with zero temperature, is often used to characterize the
freeze-thaw process [9,26], as shown in Figure 10. According to the measured soil temperature and
moisture data, the total freeze-thaw process, with the maximum freezing depth to be at a depth of
118 cm, lasted 112 days (from 19 November 2017, to 10 March 2018), and could be divided into three
main stages: the initial freezing stage, the downward freezing stage, and the thawing stage.
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Figure 10. The freezing depth curve during the freeze-thaw process.

During the initial freezing stage, the soil above the 20 cm depth experienced several freeze-thaw
cycles, which could be characterized by nightly freezing and daily thawing. The diurnal variations of
temperature at a depth of 10 cm (2.5 °C) were larger than at a depth of 20 cm (0.6 °C). The diurnal
amplitude of the unfrozen water content at a depth of 10 cm was considerably larger than at a depth
of 20 cm, indicating that the process of the water phase transition was more intense in the top 10 cm
depths. During the downward freezing stage, the freezing process accelerated and the freezing
depth gradually deepened. Unlike the soil in shallower depths, the soil below the 20 cm depth,
which was less influenced by solar radiation, did not undergo multiple freeze-thaw cycles, but instead
directly froze with a freezing rate of 1.3 cm/day. The daily range of shallow soil temperatures further
increased (e.g., 5.1 °C at a depth of 10 cm), and the unfrozen water content continuously declined
as temperatures dropped. At the lowest point, the unfrozen water content decreased by 79% and
65% in soil depths of 10 cm (from 0.053 to 0.011 cm?®/cm?) and 20 cm (from 0.052 to 0.018 cm?/cm?),
respectively, while the decrease was relatively small in soil depths of 50 cm (53%) and 100 cm (51%).
The thawing process appeared from both the top and the bottom of the frozen layer, and the shallow soil
experienced freeze-thaw cycles once again. The entire thawing process lasted only 25 days, which was
strikingly shorter than the freezing stage. Due to a significant increase in springtime air temperature,
soil temperatures increased rapidly, resulting in a melting rate of up to 4.7 cm/day, which substantially
exceeded the freezing rate [3].

4.2. Vapor Migration during the Freezing-Thawing Period

Due to generally low liquid water contents in arid areas, vapor flow performs a critical function
of the hydrological cycle in the vadose zone during the seasonal freezing-thawing process. At the
beginning of the observation period, the layer between the soil surface and the 200 cm soil depth
became a low soil temperature zone (Figure 3a). As the freezing process started, temperatures in this
layer kept a declining trend. The decreasing rate (from November 1 to 1 February) of soil temperatures
at depths of 50, 100, and 200 cm were 0.16, 0.14, and 0.11 °C/day, respectively. Driven by the upward
temperature gradient, water vapor flowed upward towards the soil surface and evaporated into the
atmosphere when the frozen layer was thin. Subsequently, it condensed gradually in the seasonally
frozen layer, contributing to the ice formation [5,23]. The cumulative upward vapor flux at the 10 cm
depth was about 0.56 cm during this period, which affected the soil moisture distribution at such a low
liquid water content.

As air temperature increased in late February, soil temperature in the shallow layer increased
rapidly, causing the vapor flux to move mainly downward. The cumulative downward vapor flux at
the 10 cm depth was approximately 0.17 cm during the thawing period, and the flux maintained a
rapidly increasing trend with a gradual increase in temperature gradients. At this time, temperatures
at soil depths between 100 and 200 cm became relatively low (Figure 3e), and water vapor migrated
from both above and below to the relatively low-temperature layer, which contributed to the formation
of the wet layer.
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5. Conclusions

Based on in-situ observations in the Mu Us Desert, the changes in soil temperatures and water
contents during the freeze-thaw period were studied in this manuscript. The results showed that soil
temperature displayed a decreasing trend during the freezing period and the depth with the maximum
soil temperature in the vadose zone kept increasing from 400 cm to 800 cm. On the contrary, the soil
layer above the 100 cm depths displayed negative (downward) temperature gradients during the
melting period. The soil water content in the profile was generally low (only 0.06 cm?®/cm?) before
freezing, except for the soil horizon between 80 and 230 cm. Both theoretical and empirical models
captured the relationship between the unfrozen water content and subfreezing temperature well.
The total water content in the frozen layer increased due to the upward soil water flux from deeper soil
layers. The entire freeze-thaw process can be divided based on the measured data into three stages,
including the initial freezing stage, the downward freezing stage, and the thawing stage. According to
Fick’s Law, the thermal vapor flux in the shallow 20 cm depth showed markedly diurnal variations,
with vapor flowing upward during the nighttime and downward during the daytime, while the
magnitude of the vapor flux gradually decreased with increasing soil depths. Calculation results
indicated that vapor moved upward towards the frozen layer and contributed to the ice formation
during the freezing process, while it flowed downward during the thawing process and contributed to
the formation of the wet layer.

Although this study was carried out in northwestern China, similar results could be expected
for other regions with similar soil and climate conditions. Further studies will focus on quantitative
calculations of the fully coupled movement of water, vapor, and heat during the freeze-thaw process
in the deep vadose zone, and will evaluate the influence of gradients of the matric potential and
temperature on transport processes of liquid water and water vapor.
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