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Abstract: The soil freezing characteristic curve (SFCC) describes the relationship between the freezing
point and unfrozen water content, which are two critical parameters in depicting the heat, solute, and
water transport in frozen soil. In this paper, we propose a novel Generalized Clapeyron Equation
(GCE)-based model, the GCE-Salt Model, to better capture the SFCC in frozen soil in the presence of
solute. It keeps the matric potential ¥¢ in the GCE as its original meaning and incorporates the effect
of solute potential in the equilibrium freezing temperature. The performance of our GCE-Salt Model
was validated by both lab and field experimental data and compared with related models (Combined
Model and GCE-Tan Model). The GCE-Salt Model performed exceptionally well in extremely saline
soil and it performed well in both non-saline and saline soil. (1) Our GCE-Salt Model could capture
the SFCC of non-saline soil equally as well as the Combined Model (NSE = 0.866); (2) our GCE-Salt
Model performed similarly well as the Combined Model and a little better than the GCE-Tan Model
for the slightly to highly saline soil (NSE > 0.80 for three models); and (3) our GCE-Salt Model
(NSE = 0.919) beat the Combined Model (NSE = 0.863) and the GCE-Tan Model (NSE = 0.62) in
capturing the SFCC of extremely saline soil, mainly because the inherent expression of our GCE-Salt
Model can more accurately capture the freezing point. Our findings highlight the effect of solute
potential on the ice-water change and could improve the understanding of the effect of freezing and
thawing on the thermal-hydrological processes, structure of saline soil, and landscape evolution in
cold regions.

Keywords: saline soil; the soil freezing characteristic curve; prediction model; freezing processes;
solute potential; small sample experiment

1. Introduction

Understanding soil freezing and thawing is vital in understanding winter evapotran-
spiration [1], runoff [2], groundwater recharge periodically [3], soil formation [4], predicting
the movement of nutrients/contaminants as they seep through frozen layers of soil [5],
and landscape evolution [6] in cold regions. The soil pores were expanded by soil frost
heaving during the freezing period [7-9]. Whereas, the soil pore collapsed along with the
ice-water phase change during thawing [4,10,11]. As the soil pore expansion was dominant,
after a seasonal freezing—thawing cycle, the soil was less compacted [10] and its porosity
increased [4,10]. What is more, the presence of salt will further complicate the influence of
freezing and thawing on soil structure and landscape evolution [6]. Therefore, this study
focuses on the freezing process of saline soil, which is prevalent in the middle and high
latitudes of Asia [12-15], Europe [16,17], and America [1,12]. However, characterizing the

Water 2024, 16, 670. https:/ /doi.org/10.3390/w16050670

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w16050670
https://doi.org/10.3390/w16050670
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-9332-3252
https://orcid.org/0000-0003-1477-9679
https://doi.org/10.3390/w16050670
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16050670?type=check_update&version=1

Water 2024, 16, 670

2 of 14

ice-water phase change in saline soil is still challenging due to the complicated interaction
between the soil matric potential and the solute potential [13,14].

The soil freezing characteristic curve (SFCC) describes the equilibrium state of the
ice-water phase change [15] by illustrating the decline in the liquid volume ratio in the pore
space as temperature decreases during the ice-water phase change [16]. As summarized by
Bi et al. [17], the models described by the SFCC can be categorized into four types: the theo-
retical models [18-20], the SWCC-based models [12,21-25], the empirical models [26-37],
and the estimation models [31,38,39]. However, only a few SFCC models have considered
the presence of salt or solute [1,14,40-46]. Wu et al. [14] proposed an improved empirical
model by substituting the freezing point of the SFCC model proposed by Xu et al. [47] with
the freezing point of the salt solution according to Banin and Anderson [48]. The empirical
models could well capture the experimental soils [27] but might be hard to apply to soils
of other types [17]. For the theoretical models [43,44], Wang et al. [43] proposed a phase
composition model based on the assumption that soil particles are spheres and the unfrozen
water covers the spherical soil particles as a thin film. Wan and Yang [44] built a theoretical
model considering the soil pore size distribution and the effect of ion concentrations. The
theoretical models have gained prominence in recent years [39] because they have clear
physical meanings which are based on the pore size distribution of soil [17,18,44,49] or the
surface effects of soil particles [18,43,50,51]. However, theoretical models usually possess
complicated equations [18-20,50].

Whereas, the SWCC-based models integrate the Clapeyron equation with the soil water
characteristic curve (SWCC) [12,52-56] based on the similarity of SFCC and SWCC [39] and
take advantage of soil hydraulic parameters. Thus, once the soil hydraulic parameters are
obtained for a soil, its SFCC could be readily obtained via SWCC-based models. In recent
years, some SWCC-based SFCC models have been developed for saline soils. Except for
Zhou et al. [42], whose model was based on the Brooks and Corey model [57], most of the
existing SWCC-based SFCC models are based on the van Genuchten model. Under low
salinity conditions (<1.0% g/g dry soil), Tan et al. [46] proposed an improved GCE model,
which excluded the osmotic potential from the total soil water potential [58] in the SWCC
before using GCE to predict SFCCs. Wan et al. [59] improved the van Genuchten model-
based SFCC model by considering the effect of salt concentration on the ice nucleation
and on the freezing point. Amankwah et al. [1] proposed a Combined Model, combining
the GCE and a newly developed Salt Exclusion model, to well capture the SFCC of both
non-saline and saline soil. However, most of these models are not easily used in actual areas
and are still limited to the theoretical level or laboratory. The Combined Model proposed
by Amankwah has a clear physical meaning and is handy in application. We found that
the salt concentration in the experimental area of this research is smaller than that in our
area. There is a lack of modeling under a wider range of salt concentrations.

Based on the GCE, the fundamental improvement in the Combined Model is the (1) ex-
pression of the equilibrium freezing temperature Ty as T + Tp to consider the effect of soil
matric potential and (2) replacement of the freezing initiation temperature Ty in the denom-
inator by T}, to consider the effect of solute potential. That is to say, Amankwah et al. [1]
regarded the ¥ as the summation of soil matric potential and solute potential but not the
original soil matric potential any more. Alternatively, we could keep the ¥} as the soil
matric potential and exclude the effect of solute potential in the numerator. Inspired by
the expression of the freezing point by Wang et al. [43], we keep the Ty in the denomi-
nator as the reference state and consider both the effect of soil matric potential and the
effect of solute potential in the numerator, i.e., the equilibrium freezing temperature is
TO + ATfm = Tf — ATfs

The objective of this study is to propose a novel model that describes the SFCC
considering the solute potential and test the ability of our newly proposed model to capture
the ice—water phase change in frozen saline soil, especially, the ability to capture the freezing
point of soil pore water at different salinity levels.
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2. Materials and Methods
2.1. Modelling
2.1.1. The Combined Model
Amankwabh et al. [1] proposed a Combined Model describing the SFCC by combining

the conventional GCE model and a new Salt Exclusion Model, considering both the effect of
capillary and adsorption and the effect of solute exclusion on the freezing point depression.

(1) The GCE

Based on the similarity between the SFCC and the SWCC, Amankwabh et al. [1] adopted
the van Genuchten equation [60] to describe the relationship between the liquid soil water
potential and the liquid soil water content as follows:

0 =0, + (s — 6,) (1 + (aypy)") " (1)

where 6, is the volumetric unfrozen water content (cm3.cm—2), 6, is the residual water
content (cm3-cm™3), 6; is the saturated soil water content (cm>-cm™3), ¥; (m) is the matric
potential. a is the inverse of the air-entry value (m~1), 1 is the pore-size distribution index,
and m = 1-1/n. Amankwabh et al. [1] proposed that the GCE can be expressed as

L Tf) L <Td+Tg>
=—"In[2)=2=1 2
¥r gn<T0 M ()

where ¥ (m) is soil matric potential, which predicts the liquid water content; Ty (°C) is

the equilibrium freezing temperature of soil water; L (J-kg~!) is the latent heat of fusion;
g (m-s~2) is gravitational acceleration; and Ty (K) is the freezing temperature for free
pure water at atmospheric pressure 273.15 K (0 °C). Particularly, Amankwah et al. [1]
expressed the equilibrium freezing temperature Tras T; + T to consider the effect of soil
matric potential.

Then, ¥; can be expressed as

lpu 7 lpf Z 1/7u
P = Ly ( TtT (©)
Fn(HER) vy <
where ¥, (m) is the equivalent unfrozen matric potential.
Then, the GCE model can be expressed as

L T+ T, \\"\ "
91 = 97 + (95 — Gr) (1 + (lng ln(d;;)> ) ,lpf < lpu (4)

(2) The Salt Exclusion Model

Then, Amankwah et al. [1] proposed a Salt Exclusion Model, describing the freezing
point depression because of salt concentrate, considering the saline water concentrated due
to the transition of liquid water to ice:

Ty = p16* + pac (5)

where T, is the minimum temperature below Ty at which the saline water of a given
concentration will freeze. ¢ = ¢, / (0; — 0;); ¢ is the bulk solute concentration in the
soil, i.e., the mass of salt per unit volume of soil. The p; and p, are fitted parameters
obtained by the relationship between freezing point depression and salt concentration
and the values of p; and p, were found to be —0.00012544 and —0.05561807, respectively.
Combining the relationship between c and 8; and the relationship between T, and c,
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Amankwah et al. [1] obtained the unfrozen water content for a given soil temperature in
one bulk solute concentration as

2c
bP1 ©6)

—p2—\/P3+4mTy

612974-

(3) The Combined Model

Amankwah et al. [1] finally obtained the Combined Model by replacing the freezing
initiation temperature T in the denominator of Equation (4) with T}, (the freezing point
considered solute potential) to consider both the effect of soil matric potential and the effect
of solute potential on the freezing point depression as follows:

L T+ To\\"\ "
91:9r+(93—9r)(1+ <agfln<d;;°)> > )

2.1.2. The GCE-Salt Model

Equation (2) expresses the relationship between the matric potential ¥ and the equi-
librium freezing temperature Ty (K). Comparing Equations (4) and (7), the fundamental
improvement in the Combined Model based on the GCE is the (1) expression of the Ty
as Ty + Ty to consider the effect of capillary and adsorption and (2) replacement of the
Ty in the denominator by T, to consider the effect of solute potential. That is to say,
Amankwah et al. [1] regarded ¥y as the summation of soil matric potential and solute
potential but not the original soil matric potential anymore.

Then, we happened to see that Wang et al. [43] express the freezing point Ty (K) as

Tf =Ty+ ATfm + ATfs (8)

where ATj, (K) is the freezing point depression induced by soil matric potential when salt
concentration ¢ = 0, the same as the T in the Equation (2), and ATy (K) is the freezing point
depression induced by solute potential, the same as the T}, in the Equation (2).

Inspired by Equation (8), we, instead, keep the T in the denominator as the reference
state and consider both the effect of soil matric potential and the effect of solute potential in
the numerator, i.e., the equilibrium freezing temperature is To + AT, = Ty — AT. In other
words, we keep the ¥ as the soil matric potential and exclude the effect of solute potential
in the numerator. Substituting Ty = AT, and Ty + ATg, = Ty — AT into the Equation (2),

we obtain T + AT T AT
Yf:Lln(O fm):Lln<f fs) 9)
8 To 8 To
Then, a new expression describing the SFCC is obtained for saline soil as follows:
Ly (Tr—ATE\\"\
0

Assuming the soil salt is purely NaCl, which forms NaCl-H,O when the temperature
is below 0.1 °C [43,61], the relationship between the freezing point depression induced by
solute concentrate (ATg) and the salt concentration (c) is provided by Wang et al. [43]:

AT /T* = g(c) = X2, (Zi(100cw)i) 11)

where zy = 0, z; = —0.5697, z; = —1 x 1073, z3 = —1 x 1074, z4 = 2 x 107°, and
75 = —8 x 1078, T* (=1K) is aimed to normalize the value of temperature and ¢, (g-L ') is
the salt concentration, i.e., mass of salt per unit volume of water.

Notably, in this study, we assume that the change in solute concentration is only
associated with the change in liquid water content change but neglects the transport and
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redistribution of solute following [1,41]. The structure of soil is assumed as the capillary
model, which is the most general physical model when we describe the SFCC in soil [62].

2.2. Lab and Field Experiments
2.2.1. Laboratory Experiments

To test the performance of the proposed GCE-salt model in capturing the SFCC, lab
experiments measuring the SFCC of soils of different salinity were conducted. The soil
sample was collected from one farmland near the Shahaoqu Experimental Station, in the
Hetao Irrigation District, China (about 40.908° N, 107.158° E) (Figure 1), which is mainly
planted with wheat. Soil was dug from one agricultural field at the depth of 0 to 20 cm,
where salinization was the most serious. This soil sample was classified as a sandy loam
according to USDA classification methods. It is the most common soil texture in Hetao
Irrigation District. This area is a typical seasonal frozen area [63] and a typical saline
arid and semi-arid area due to long-term irrigation [57]. The soil sample was flushed
by deionized water to salinity below 0.05% to eliminate the background salinity. After
sieving by 2 mm sieve and air-drying, the basic characteristics of the soil sample are shown
in Table 1. Four soil samples were mainly used to demonstrate the influence of the salt
concentration on the SFCC. The sandy loam (32.6% sand, 61.3% silt, and 6.1% clay) was
treated to a target VWC of 0.35 cm®-cm 3 and four different soil salinities (salinity (SS) = 0%,
0.2%, 0.4%, and 0.6%, equivalent to NaCl concentration (cy) of 0, 0.75, 1.50, and 2.25 g'L_l),
which are categorized as non-saline, slightly saline, moderately saline, and highly saline
soil, respectively, according to [64].

108:’0'E 109:’0‘E 110:’0'E

Hetao Irrigation District R

\ /
0 40 ‘80 120km
N

80°0 90‘:0'E 100:’0'E 110]"0'E 120:’0'E O:O'E

108"’0'E 109°0'E 130°0'

0
| .

T

1)

20°0'N  30°0'N 40°0'N 50°0'N

80°0E 90°0'E 100°0'E 110°0'E 120°0'E 130°0'E

Figure 1. Location of the Hetao Irrigation District and the location of the sampling point of the
laboratory experiments.

Table 1. The basic characteristics of soil in the study area.

Soil Types Particle Distribution/% Specific Surface  Bulk Density
0.01-2.00 um  2.00-50.00 um  50.00-2000.00 um  Aream’g~1 gem3
Sandy loam ? 6.078 61.258 32.644 0.743 15

Note: ? a soil texture determined from the USDA Soil Texture Triangle.
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The wet soil was then packed into columns of 10 cm diameter and 13 cm length by
5 cm increments to reach a bulk density of 1.5 g-cm 3. The experimental soil volume fully
encompassed the maximum measurement volume of the 5TE sensor [65].

One pre-calibrated 5TE Meter (Meter Group Inc., Pullman, WA, USA) was inserted
vertically into each packed soil (Figure 2b). Each of the used 5TE Meter were calibrated
for the effect of initial salt concentration on the dielectric constant based on the 5TE
manual [65]. The packed soil samples were placed in a temperature control chamber
(Figure 2a) (XT5438-TC250-R35, Xutemp, Hangzhou, China) to experience a freezing—
thawing process (Figure 2c).

r— [ | logger

|

~ N

Data
13cm

11cm 5cm

5cm 5cm

Temperature (°C)

|
W

s
=

|
—_
(o)

(a) (b)

| L | s |

20 40 60 80

Time (h)
()

Figure 2. Lab experiment setup: (a) a soil column in the temperature controlled chamber, (b) the
position of a 5TE sensor in a soil column, and (c) the freezing—thawing condition.

2.2.2. Field Experiment

To test the performance of the GCE-Salt Model in capturing the SFCC of in situ soil
of different salinities, a field experiment was conducted during the 2017-2018 freezing—
thawing period at the Shahaoqu Station in the Hetao Irrigation District, China (Figure 1).
Two neighboring test fields were selected: one extremely saline abandoned land (SAL)
and one slightly saline cropland (CL1). Wang et al. [10] tested that the soil condition was
homogeneous in the same farmland, so we picked a point in the same soil to represent
the nature of the site. The soil temperature and soil moisture of the soil profiles were
monitored at 20, 40, 60, 100, and 140 cm depth hourly by Hydra Probe sensors (Stevens
Water Monitoring Systems, Inc., Portland, Oregon, USA) [66]. The inherent fundamental
assumption of the GCE-based SFCC models is that the ice formation reduced the soil water
potential and the liquid water content. Thus, the field data used to test GCE-based models
must meet the requirement that the total soil water content does not change significantly
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during the testing period. If the total soil water content changes, then, the soil water
potential and the liquid water content would be interfered by other factors, not solely ice
formation any more, and the GCE-based models may fail.

At our study site, the groundwater table was very shallow, from about 0.5 m to 2.5 m
during the freezing period, and only the 0-20 cm has a nearly constant total soil water
content during the freezing period [66]. Thus, only the data of the 0-20 cm topsoil were
used for the model performance testing to meet the fundamental assumption of GCE-based
models (Figure 3).

_, Litter layer of plant residues

CL1

_1Organic layer
%  Sampling Point

Silt loam layer

SAL

%  Sampling Point Silt layer

Figure 3. Sampling point of the field experiment and test equipment. The stars on the left figure
illustrate the location of sampling points in the fields, and the right figure illustrates the vertical
structure of soil layers in the field.

The soil particle distribution was measured by a Mastersizer 2000 (Malvern Instru-
ments Ltd., Malvern, UK) to determine soil texture (Table 2). The soil bulk density was
determined by oven drying at 105 °C. The dominant salt at the study site is NaCl [66]. The
soil salinity was determined by measuring EC;.5 (mS-cm~1) and converting it to soil salinity
(SS, %) by SS = 3.480 ECy5 — 0.236 (R% = 0.993) following Liu et al. [67]. The saturated
water content (6s) was obtained as the highest in situ VWC after flood irrigation during the
cropping season [67]; whereas, the residual water content (6;) was obtained as the lowest
in situ liquid water content during the stable frozen period [31,66]. The inverse of the
air-entry value («) and the pore-size distribution index (1) were calibrated by fitting the
GCE model to the measured SFCC.

Table 2. The soil properties of the experimental fields.

Sand

SITE '

Silt
(%) 2

Clay
(%) 2

d Po Or Og %

C
(gem-3)2  (mPem-3)P (mdPem-3)P (m-1)°c "

Texture

SAL
CL1

35.39
25.66

58.03
61.76

1.171
2.354

6.57 1.51 0.046 0.479 0.080
12.58 1.53 0.101 0.450 0.047

silt loam
silt loam

Note: @ lab measured. ? field monitored. € calibrated by fitting GCE to measured SFCC. ¢ according to USDA.

3. Results and Discussion

In the results and discussion, we tested the performance of the proposed GCE-Salt
Model in both non-saline soil and saline soil and compared it with the models introduced
in the introduction. We compared the GCE-Salt Model with the Combined Model in non-
saline, which is the well-performing model that has been validated in non-saline soils.
We reached the GCE-Salt Model with the Combined Model and GCE-Tan Model, both of
which have been validated in the field and indoor experiments compared to other models
proposed in recent years.
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3.1. Lab Non-Saline Soil

For non-saline soil (Figure 4), both the Combined Model and the GCE-Salt Model
are basically just the GCE Model (Equation (4)). Thus, the three models overlap and
behave equally well (the root mean squared error (RMSE) = 0.037 cm?-cm~3 and the Nash—
Sutcliffe efficiency coefficient (NSE) = 0.866). All three models simulate the lower part of
the unfrozen water content (<0.1 cm3-cm~2) well and all of them slightly overestimate
the unfrozen water content at the rapid drop part (from 0.34 to 0.07 cm3-cm~3). The
outliers were due to supercooling, i.e., at the beginning of a relatively fast freezing, the soil
temperature rapidly dropped to the temperature of spontaneous nucleation but the liquid
water could not release latent heat and turn into ice fast enough [1,42].

= Outliers

¢ Observed Data
GCE Model
Combined Model
GCE-Salt Model

0.35f

0.30F

0.25r

0.20

0.15r

0.10

Unfrozen Water Content (cm®cm™)

0.05 |- Non-Saline Soil
0 -5 -10 -15 -20 -25
Temperature ('C)

Figure 4. The observed lab non-saline soil SFCC and the simulated SFCC by the GCE Model, the
Combined Model, and the GCE-Salt Model.

3.2. Saline Soil

To further test the performance of the GCE-Salt Model in different concentrations,
we compared the performance of the GCE-Tan Model proposed by Tan et al. [46], the
Combined Model, proposed by Amankwabh et al. [1], and the GCE-Salt Model both in small
sample lab and field experiments.

3.2.1. Lab Slightly to Highly Saline Soils

Our GCE-Salt Model performed similarly well as the Combined Model and the GCE-Tan
Model for the lab slightly to highly saline soil (Figure 5, NSE > 0.80 and RMSE < 0.030 cm®-cm 3
for the three models). Particularly, compared to the GCE-Tan Model (RMSE = 0.029 cm3-cm ™3,
NSE = 0.90), both the Combined Model (RMSE = 0.023 cm3-cm~3, NSE = 0.93) and the GCE-Salt
Model (RMSE = 0.024 cm®-cm ™2, NSE = 0.94) have remarkably high accuracy for the highly
saline soil (Figure 5c). Whereas, they all overestimated the unfrozen water content at the rapid
dropping stage for the slightly and moderately saline soils (Figure 5a,b). These indicated that
the 0.4% soil salinity might not be high enough to illustrate the ability of the models in dealing
with solute induced freezing point depression. As a common phenomenon in lab freezing
experiments [59,68], supercooling occurred in all these lab saline soils, too. The fitted soil
parameters are the same as the value of the non-saline soil (Table 3) and the transport and
redistribution of salt in the soil were considered negligible [1].

Table 3. The shared fitted parameters of the GCE model, the Combined Model, and the GCE-Salt
model for the lab non-saline soil.

Parameter o (m1) n m 05 (cm3-cm—3) 0r (cm3-cm—3)

Value 0.014 1.69 0.41 0.40 0.046
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Figure 5. The observed lab of slightly to highly saline soil SFCC and the simulated SFCC by the GCE-
Tan Model, Combined Model, and the GCE-Salt Model at three different salinity levels ((a) slightly
(SS = 0.2%, ¢y = 0.75 g-L. 1), (b) moderately (SS = 0.4%, ¢y, = 1.50 g-L 1), and (c) highly (SS = 0.6%,
cw =225 g-L71) saline soil) at a target moisture content of 0.35 cm3-cm 3.

3.2.2. Field Extremely and Slightly Saline Soils

Then, the ability of our newly proposed GCE-Salt model to capture the SFCC, espe-
cially the freezing point, at different salinity levels was tested with a slightly saline cropland
(CL1) and an extremely saline abandoned land (SAL) (Table 4), against the GCE-Tan Model
and the Combined Model (Figure 6a,b). The GCE-Salt Model (RMSE = 0.013 cm3.cm3,
NSE = 0.99) performed similarly well as the Combined Model (RMSE = 0.017 cm?®.cm 3,
NSE = 0.98) for the slightly saline soil (Figure 6a) and performed slightly better than the
GCE-Tan Model (RMSE = 0.098 cm3-cm~3, NSE = 0.94). Both the Combined Model and the
GCE-Salt Model captured the unfrozen water content at the rapid dropping stage well and
at the residue part (0.10 cm?.cm~3). Whereas, the GCE-Salt Model (RMSE = 0.013 cm?-cm 3,
NSE = 0.92) surpassed the GCE-Tan Model (RMSE = 0.029 cm3-cm 2, NSE = 0.62) and
the Combined Model (RMSE = 0.017 cm®-cm~3, NSE = 0.86) on the extremely saline
soil (Figure 6b). Comparing the better-performed Combined Model and the GCE-Salt
Model, the Combined Model better captured the elevated residue unfrozen water con-
tent (0.25 cm3-cm—3 ); whereas, the GCE-Salt Model overestimated that by 0.26 cm3-cm 3,
However, the GCE-Salt Model accurately captured the huge freezing point depression of
—1.70 K; whereas, the Combined Model underestimated this freezing point depression by
0.7K.

Table 4. Parameters of the fitting by the selected models for field soil.

Site SS (%) cw (gL 1) Model RMSE (cm3-cm—3) NSE
GCE-Tan Model 0.098 0.94
CL1 0.05 0.16 Combined Model 0.017 0.98
GCE-Salt Model 0.013 0.99
GCE-Tan Model 0.029 0.62
SAL 1.18 3.72 Combined Model 0.017 0.86
GCE-Salt Model 0.013 0.92

The T, (—0.35 K) in the GCE-Tan Model is smaller than the T}, in the Combined Model
and the GCE-Salt Model, suggesting that this model would underestimate the effect of
salinity on the freezing point. However, the T}, (—0.49 K) in the Combined Model and
the ATz (—0.44 K) in the GCE-Salt Model are similar, indicating that the estimation of the
freezing point depression induced by solute potential is not the fundamental difference
between the two models. In other words, keeping the ¥ as the soil matric potential and
excluding the effect of solute potential in the numerator proved to be a better approach to
capturing the freezing point than regarding the ¥ as the summation of soil matric potential
and solute potential and considering the effect of soil matric potential and the effect of
solute potential in the numerator and denominator, respectively.
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Figure 6. The observed field of extremely ((a) from the CL1) and slightly ((b) from the SAL) saline soil
SFCC and the simulated SFCC by the GCE-Tan Model, Combined Model, and the GCE-Salt Model.

To reveal the fundamental difference between the Combined Model and the GCE-
Salt Model at capturing the freezing point, the SFCC of the SAL soil (soil properties are
listed in Table 3) was simulated at different salinity levels: 0,3.0 g-L. =1, 3.72 g-L.~! (same
as the in situ salinity), and 4.5 g-L~! (Figure 7). The estimated freezing points by the two
models are significantly different at c;, = 3.0 g-L™!: the difference has reached 0.63 K.
This difference becomes more and more significant with the increase in salinity, reaching
1.85 K when c;, = 4.5 g-L~!. The two models eventually converge at the same residue
unfrozen water content.
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Figure 7. Comparing the Combined Model and GCE-Salt Model under different soil salinity levels.
((a) non-saline (cy =0 g-Lfl), (b) severely (cw = 3.0 g-Lfl), (c) extremely (cw = 3.72 g~L*1) and
(d) extremely (cw = 4.5 g-Lfl) saline soil) at the SAL soil properties.
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The ability of our newly proposed GCE-Salt Model to capture the SFCC was first tested
without salt against the Combined Model. Then, the performance of the GCE-Salt Model,
especially, capturing the freezing point at different salinity levels against the GCE-Tan
Model and the Combined Model was tested with sandy loam at slightly, moderately, and
highly saline levels in the lab temperature-controlled chamber and in situ silt loam at
slightly and extremely saline levels. Soils of different textures and at different salinity
levels, particularly highly, severely, and extremely saline levels, could be used to test the
ability of the GCE-Salt Model to capture the SFCC against the GCE-Tan Model and the
Combined Model, to more comprehensively reveal which expression could better capture
the freezing point of SFCC in saline soil.

4. Conclusions

In this study, we propose a novel model based on the Generalized Clapeyron Equation
(GCE), the GCE-Salt Model to simulate the soil freezing characteristic curve (SFCC) in
frozen saline soil accurately. By keeping the ¥y in the GCE as the matric potential and
by incorporating solute potential, our model precisely captures the equilibrium freezing
temperature () and has shown excellent performance in both lab and field experiments,
especially in extremely saline soil. Our GCE-Salt Model helps better understand the freezing
and thawing of saline soil, which would promote a better understanding of the effect of the
seasonal freezing—thawing cycle on the thermal-hydrological processes and the structure
of saline soil.

The performance of our GCE-Salt Model was validated by both lab and field experi-
mental data and compared with previous models: (1) our GCE-Salt Model could capture
the SFCC of non-saline soil equally as well as the Combined Model. (2) Our GCE-Salt
Model performed better than the GCE-Tan Model and performed similarly well as the
Combined Model for the slightly to highly saline soil. (3) Our GCE-Salt Model beat the
Combined Model and the GCE-Tan Model in capturing the SFCC of extremely saline soil,
mainly because it can more accurately capture the freezing point.

For future studies, it is highly recommended to test the ability of the GCE-Salt Model
to capture the SFCC with soils of different textures and at different salinity levels, particu-
larly highly, severely, and extremely saline levels, to more comprehensively reveal which
expression could better capture the SFCC in saline soil.
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