PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Zhang C, Chen F, SunL, Ma Z, Yao Y
(2021) A new seasonal frozen soil water-thermal
coupled migration model and its numerical
simulation. PLoS ONE 16(11): €0258861. https:/
doi.org/10.1371/journal.pone.0258861

Editor: Jianguo Wang, China University of Mining
and Technology, CHINA

Received: May 14, 2021
Accepted: October 6, 2021
Published: November 22, 2021

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0258861

Copyright: © 2021 Zhang et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: Beijing Natural Science Foundation
(6194041), the National Key R&D Program of

RESEARCH ARTICLE

A new seasonal frozen soil water-thermal
coupled migration model and its numerical
simulation

Chaoyi Zhang®', Feng Chen?, Lei Sun'*, Zhangchao Ma', Yan Yao®

1 Automation and Electronic Engineering College, University of Science and Technology Beijing, Beijing,
China, 2 Forestry Institute, Beijing Forestry University, Beijing, China, 3 Automation College, Beijing
University of Posts and Telecommunications, Beijing, China

* sun_lei@ustb.edu.cn

Abstract

In this paper, a mathematical model based on spherical differential unit cell is proposed as a
model for studying seasonal freeze-thaw soil space infinitesimal differential unit cell. From
this model, the basic equations of permafrost moisture and heat flow motion are directly
derived, then the linked equations form the permafrost water-heat coupled transport model.
On this basis, the one-dimensional seasonal permafrost water-heat transport equation is
derived. The model reduces the original spatial three-variable coordinate system (parallel
hexahedron) into a coupled equation with a single spherical radius (R) as the independent
variable, so the iterations of the numerical simulation algorithm is greatly reduced and the
complexity is decreased. Finally, the model is used to simulate the seasonal freeze-thaw
soil in the ShiHeZi region of Xinjiang, China. The principle of the simulation is to collect the
soil temperature and humidity values of the region in layers and fixed-points using a home-
made freeze-thaw soil sensor, after that we solve it by numerical calculation using MATLAB.
The analysis results show that the maximum relative error of the model we proposed is
4.36, the minimum error is 0.98, and the average error is 2.515. The numerical simulation
results are basically consistent with the measured data, then the proposed model is consis-
tent with the matching states of permafrost moisture content and soil temperature in the
region at different times. In addition, the experiments also demonstrate the reliability and
accuracy of the model.

Introduction

With regard to the recent progress on permafrost research, the results are mainly as follows:

® During a complete annual freeze-thaw cycle, all layers of near-surface soils has generally
experienced four stages: summer thawing period, spring and autumn thawing-freezing period,
as well as winter freezing period. Depending on local factors, there are differences freezing and
thawing characteristic in different regions, such as the start and end time, the frozen rate, the
soil type, etc. [1-3]. @ The difference of daily freeze-thaw cycle between permafrost region
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and seasonal frozen region is large, which is mainly reflected in the duration of daily freeze-
thaw cycle [4, 5]. ® Different land surface models can well grasp the spatial and temporal vari-
ation of physical quantities in freeze-thaw processes, but all need to be parameterized and
improved according to the characteristics of land surface processes [6, 7]. @ Based on the ther-
modynamic equilibrium equation, circumventing the unstable iterative calculation and deter-
mining the freeze-thaw critical temperature can improve the unreasonable freeze-thaw
parameterization scheme [8].

Literatures [9, 10] considered the unfrozen water content in the cold region to improve the
accuracy of coupling simulation of heat transfer and water in frozen soil. The comprehensive
algorithm and parameterization were used to calculate the thaw water content, also the
selected parameters of unfrozen water content were evaluated by using soil temperature, spe-
cific surface area of soil particles, soil water curve and different types of water. The final results
showed that the parameterization of unfrozen water content was affected by many factors, the
heating and cooling process was particularly important when calculating the unfrozen water
content. The existing problems was [9-11]: there were many physicochemical parameters in
these studies, which were not easy to obtain. They were difficult to be used to calculate unfro-
zen water content. A practical high-precision physicochemical parameter needed to be devel-
oped to couple with freezing model and land surface process.

Literatures [12-14] considered it crucial to identify modeling schemes for macropore-
matrix interactions and permeate water refreezing, discussed the necessity to study the effects
of macropore flow and soil freeze-thaw interactions, the need to integrate these concepts into a
framework of coupled hydrothermal transfer, then they proposed a conceptual model for
freezing unsaturated flow in macropore soils that assumed two interacting domains (macro-
pore and matrix) with different water and heat transfer mechanisms. Existing problems were
[12, 15, 16]: the detailed understanding of macropore flow mechanism in permafrost, and how
it changes with different soil thermal conditions were still uncertain in these proposed models,
so it was necessary to further develop the existing macropore flow description and various
scale modeling methods. New modeling approached that test these concepts and quantify
these dynamics can address the rate of water flow in frozen micropore soils and investigate the
conditions that allow water to bypass the freezing zone, or cause water to freeze in the macro-
pores in the opposite way.

In terms of technical means, literature [17] used the interferometric synthetic aperture
radar (InSAR) technology to monitor the surface of permafrost area on a large scale all day
and all-weather, summarized the application of D-InSAR and time series InSAR technology in
permafrost area, analyzed the factors affecting the surface deformation in permafrost area.
Existing problems were [17-19]: under the global warming, the accumulated long time series
SAR data were fully utilized to achieve the multi-faceted research effect of different scales to
study the law of multi-year permafrost change. The continuous collection and expansion of
field measurement data will improve the existing freeze-thaw models, while different physical
parameter models will be developed to supplement the gaps in this field, this was the main
trend of future development of permafrost measurement technology.

In literature [20], thermal properties of soils and various other physical properties were
determined by using the heat pulse (HP) method, which was based on a linear heat source
solution of radial heat flow equation, a high-pressure probe structure was proposed, the prop-
erties measured in unfrozen and frozen soils were discussed. The problems with these frozen
soil observation techniques [17-23] were: the current probe design limits the representative
volume of soil samples, its extreme sensitivity to needle distance leads to the lack of accuracy
and durability. Moreover, the short length of thermal TDR needle affects the accuracy and pre-
cision of moisture or water flux estimation. New theories, methods, heating strategies and
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probe designs for estimating soil thermal properties, unfrozen water content and ice content
were still in infancy, but they might greatly improve our understanding of measurement tech-
niques. In addition, available thermal conductivity models developed from steady-state mea-
surements need to be evaluated and calibrated.

In this paper, the water and heat transfer process of permafrost microcell is analyzed, a
spherical spatial coordinate system is proposed as the research model by using the spatial rect-
angular coordinate system of parallelogram differential cell. In the rectangular coordinate sys-
tem, the cubic model of previous study is replaced by the spherical model. This is because the
spherical model is more consistent with the general law of moisture motion and water vapor
in terms of distribution in soil space, while the edges and corners of the cube model have errors
in the random flow of water. Therefore, the spherical model is used to derive the hydrothermal
coupling equation in this paper. As for the choice of coordinate system is rectangular coordi-
nate system, because the radius and angle of spherical coordinate system, finally can be con-
verted into the spatial correspondence of rectangular coordinate system, so this paper focuses
on the minimum spatial physical unit of soil moisture movement, which is a model of spheri-
cal structure.

Under frozen conditions, based on soil water movement and heat flow equations, this study
rebuilt the moisture migration equation and heat transfer equation, frozen soil hydrothermal
coupled migration partial differential equations were derived using the contact equation. This
model considerably simplified computational complexities, as the original three variables in
three-dimensional space were reduced to only one spherical radius (R) independent variable
in the coupled equations, thereby substantially reducing coupling iteration computations.
Next, the numerical simulation method was used, and a fully implicit finite difference scheme
was adopted, the time step was adjusted according to the soil temperature and moisture, the
number of iterations was reduced, and the result was quickly calculated. Finally, taking sea-
sonal frozen soil in the ShiHeZi area of Xinjiang Province as an example, results using col-
lected data were compared with those from simulations to demonstrate the robustness and
precision of the proposed model.

Mathematical model

A homogeneous vertical one-dimensional seasonal frozen soil water and heat coupling prob-
lem was considered. Frozen soil was assumed to be under the conditions of the basic hypothe-
sis specified in [24, 25], according to the principle of unsaturated soil water dynamics and
related theory, based on which a seasonal frozen soil water and heat coupled migration partial
differential mathematical model was built [26].

A. Seasonal frozen soil water movement

Based on space rectangular coordinate system, a point (R,0) was taken in the space of frozen
soil moisture flow, (R,0) was the centre of an infinitesimal differential unit (rigid spheres), and
the radius was AR (Fig 1). Based on the cube model introduced in previous literature, this
paper proposes the physical process of water movement under sphere model. The biggest
advantage is that the particle can make any trajectory in the 360 degree free space. As a water
molecule, it can enter and exit the spherical structure in the 360 degree free space. In the past,
the cube micro unit can also analyze and study the movement of water molecules, but there
are "edges" and "angles" in the cube, so it is not easy to calculate the movement of water mole-
cules when passing through the edges and angles, while the sphere structure has no "edges"
and "angles", which fully ensures that water can move in any direction, which is more in line
with the actual situation, Therefore, this paper proposes such a new spherical micro unit for
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Fig 1. Differential element in rectangular coordinates.

https://doi.org/10.1371/journal.pone.0258861.9001

induction, which is the basis of analyzing the law of water movement. Along the sphere’s sur-
face, outward and inward soil liquid moisture flux was gz in the radius R's direction, the den-
sity of water was pj, the density of ice was p;, and direction R's quantity of water vapour flux
was ¢,r. In the time period (At), this model’s water movement basic differential equation was
built based on the law of conservation of mass.

First, liquid moisture flux flowing from the sphere’s exterior to interior was given by
dr — %% AR, while that from the sphere’s interior to exterior was given by g, + %a% AR (unit:
cm/s), such that within a small time slice At, inflow and outflow of the spherical differential

unit cell’s liquid moisture flux rate was as follows:

109, 104 5y _ 94w

Based on Eq (1), the unit interval time of inflows and outflows of the sphere’s liquid water
volume change was:

g é
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Denoting the density of soil moisture as p; and the mass density formula as m = pV, the unit
interval time of water quantity change of the differential element was:

0(p,q;) 4 3
3R 3717AR At (3)

Eq (3) was the change in a one-dimensional direction’s liquid water quality, such that the
total liquid water quantity change under three-dimensional coordinates was:

(P
—4——E- AR’ At 4
R (4)
Similarly, water vapour flux flowing from the sphere’s exterior to interior was
4 — %ag—RR AR, while that from the sphere’s interior to exterior was q,, + %% AR (unit: cm/s),

such that within a small time slice Af, inflow and outflow of the spherical differential unit cell’s
water vapour flux rate was as follows:

aqu aqu 8qu

By liquid water volume and density formula calculation, the unit interval time of water
vapour quantity change of the differential element was:

8 (q 2)
R AR At 6
3R (6)
Based on Eqgs (4) and (6), the total water quantity change in unit time (Af) was:

flLMnARi‘At - 4MnAR3At (7)
AR OR

Written in the form of the nabla operator, this would be:

—4[V(pia) + V(q,)ImARAt (8)

Next, the water and ice content rate of frozen soil were taken into consideration. Liquid
water quantity in the frozen soil differential unit was p,v; ; TAR?, and v; was the liquid water
volume (not the frozen water volume in frozen soil).Similarly, the ice quantity in frozen soil
differential unit was p,v,  TAR®, where v; was the ice volume (ice volume in frozen soil). There-
fore, within the rigid sphere differential unit, the total water quantity change in (Af) (including
water and ice in frozen soil) was:

3
prla_i— vat AR?At (9)

Finally, according to the law of conservation of mass, the water mass balance equation for
the frozen soil spherical differential unit was:
aplvl + v

(p) 3((1 )
i 3 _ 191R 3A VR 3
ot TAR At = —4 —2 3R AR’ At R AR’ At (10)

Eq (10) was contracted, reduced, and written in the following operator form:

Apw,+ pv,) _

5 —[V(pg) +V(q,)] (11)
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Based on the above described assumption, the density of water and ice was invariant (p; and
p; were constant), and Eq (11) can be written as:
v, v, — 4 (p,q;) 0(q,z) v, p; v, — 4 0(qr)  40(q,)

Prge T Por =" TR "R ot p ot T OR p OR

(12)

Combined with the unsaturated soil water movement under Darcy’s law, the equation
becomes

q = —KW)Vy = —=K(v)V(,, +¥,) (13)

Where g; is the liquid water flux in frozen soil, K(v;) is the unsaturated hydraulic conductiv-
ity when the liquid water content is variable in frozen soil, and y is the unsaturated soil water
potential. The equation consists of a matric potential (v,,) and gravity potential (y), i.e., ¥ =
Vmt Vg Eq (13) was placed into Eq (12), and we get:

O pOv; _40(qr) Ov pOv,_ O Y. 40(q,)
ot oo T VROV = = e o o~ e KRl = 5 o

(14)

The soil water potential of unsaturated frozen soil is composed of matric and gravity poten-
tials. To simplify, geopotential y, can be taken in the gravity axis direction (z axis), such that y
= ¥,,+2, z is positive in the upward direction and negative in the downward direction, and
Darcy’s law in Eq (13) can be written as:

6= —K() VY = —K(0)V (¥, + 1) = —3K(n) V() — K(v), (15)

Soil was homogeneous in all directions; therefore, K(v))r = K(v;), = K(v)). Then, the partial
differential equation of frozen soil water movement was:

0 OV, 0 0 0K 40
871;1 & 81}! — 47[ (Vl) l//m] (Vl) = (qu) (16)
p, Ot Ox OR 0z p; OR
Then, based on Fick’s law of gas, the water vapour quantity flux of frozen soil can be repre-
sented as:
dp,
qu = _DVR aRR (17)

where D, is the water vapour diffusion rate, and p, is the water vapour density of interspaces in
frozen soil. To sum up, the basic Eq (16) for frozen soil moisture movement can be written as:

v pOv 0 O, OK(n) 40 Op,
&;wf‘wmmw] oz m%(m%” (18)

Eq (18) is the partial differential equation for frozen soil water flow.

B. Seasonal frozen soil heat flux

There is continuous heat transfer due to solar radiation, snow cover, the soil interior, and
exchanges between the soil and atmosphere. The specific situation of heat transfer can be
described by temperature. In frozen soil, owing to the freezing, melting and evaporation of
water, heat is transmitted, and soil temperature changes accordingly [27, 28]. Thus, soil tem-
perature taken as a dependent variable is the main contributor to frozen soil heat flux.

The spherical differential unit was taken as shown in Fig 1; in the time interval At, the
inflow and outflow heat rate of the microsphere included three aspects: the axis of heat
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conduction, the inflow and outflow liquid quantity of heat, and the latent heat of soil water
evaporation. This study, in accordance with the law of conservation of energy, and on the basis
of frozen soil heat flux equation derivation [29, 30], rebuilt the seasonal frozen soil heat flux
balance equation under the model presented in Fig 1 model as:

oT dp, Lp v, O0qrx

il _ 9(qpT) 94,
Cogr T Lo = Lipig, = =820 + apl=55) + L5 )] (19)

Where g was the thermal circulation along the sphere’s outer and inner surfaces in radius
R's direction; C, was the soil heat capacity, with a unit of J/m>-°C; L, was water’s latent heat of
vaporization, with a unit of J/kg; p, was the water vapour density; Lywas ice’s melting latent
heat, with a unit of J/kg; and ¢; was the specific heat of liquid water. According to the law of
Fourier heat conduction, we get:

oT
dr = _)“Rﬁ (20)

Where Ay, is the thermal conductivity in each direction of soil. Using the soil water potential
formula in section A (y = y,,+z), combined with Darcy’s law of unsaturated soil water move-
ment, the basic equation of frozen soil heat flux can be given as:

oT op ov,
C—+L———-Lp
TR TR TS
6 8T O(TK,) 0 o, 0q,z
- L (== 21

Written in operator form, we obtain the following:

oT ap, ov, O(TK))
CSE+ " —Lyp B =V(AVT) + 3R

+6apV(TKVh) = L,V(q,) (22)

Each direction of soil was homogeneous, the coefficient of thermal conductivity was Ap = A,
and the unsaturated hydraulic conductivity was K, = K; thus, the partial differential equation
of frozen soil heat flow movement can be given as

oT dp, I ov,

i

Coor thogr Tty
a ,, 0 0 0 0
= 30 0 4 e P e (O (W -1, Py (a3

C. Seasonal frozen soil hydrothermal coupling equation

The frozen soil hydrothermal coupling equation was the combination of section A’s movement
equation and section B’s heat-flow equation. The equation was used to describe the distribu-
tion of water in frozen soil. However, Eqs (18) and (23) contained three unknown variables:
Vi(R,1), vi(R,1), and T(R,t). It is necessary to create a contact equation, i.e., the non-frozen
water’s relationship between moisture content and temperature in frozen soil. In the soil, the
non-frozen water content kept a dynamic balance with temperature, the relationship was the
characteristic curve of frozen soil, and the representative relationship between soil moisture
and heat condition was given by:

v, <wv, (T) (24)

Where v,,(T) was the largest non-frozen water content of frozen soil under the condition of
negative temperature. For frozen soil, v;>0, and Eq (24) has an equal sign.
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In addition, the soil temperature gradient was also one of the important factors affecting
soil’s water flow. After including the factor affecting the soil temperature gradient, the unsatu-
rated soil water movement of Darcy’s law can be expressed as follows:

v oT
qr = _D(Vl)Ra_RI - DTRﬁ (25)

Where Dy was the diffusion rate caused by the temperature potential gradient of soil’s liq-
uid water along each direction of the sphere model on radius R. Using Eq (25) in water move-
ment Eq (18), the final seasonal frozen soil water heat coupling equation can be given as:

ov, p,0v, 0 v, 0T, 0K 4.0 0p x
T Py Cp)),Syp, S+ 2L p,, P
o oo tax PWgr T Pugpl + 5, 5l Py

)] (26)

The seasonal frozen soil hydrothermal coupling equation (Eq (26)), frozen soil heat flux
movement equation (Eq (23)) and contact equation (Eq (24)) were combined as simultaneous
equations. These equations constituted the model of thermal coupling migration of seasonal
freezing and thawing soil water.

D. One-dimension seasonal frozen soil hydrothermal coupling migration

Before proposing a one-dimensional seasonal frozen soil hydrothermal coupling migration
equation, some conditions are assumed: @ The soil medium was assumed to be incompress-
ible, homogeneous and isotropic; @ Only liquid water can move in frozen soil, while ice is sta-
tionary; ® The influence of water vapour migration acting on non-frozen water and heat flux
in freezing and thawing soil was ignored; @ Moisture migration caused by the temperature
gradient was ignored; ® Moisture movement caused by heat flow was ignored; ® Non-frozen
water content of frozen soil and soil negative temperature were in a dynamic balance state; @
It can be suggested that water and heat migration mainly occur in the vertical direction; thus,
the frozen soil water thermal transport problem can approximate the one-dimensional vertical
problem.

(1) One-dimensional frozen soil water, heat transport equation. Generally, the basic
water movement rule of frozen soil is similar to that of unsaturated soil water movement, and
the influence of ice on water’s flow is small in soil. Based on the phase transition of the Rich-
ards equation [4], constructed water transport equation in frozen soil. Phase transition refers
to the process of a substance changing from one phase to another. The physical and chemical
properties of the substance system are completely the same. The homogeneous part with obvi-
ous interface with other parts is called phase, which corresponds to solid, liquid and gas states.
The substance has solid phases, liquid phases and gas phases. The soil phase transition mainly
refers to the heat absorbed or released by a certain amount soil, such as the soil micro unit in
Fig 1, when it changes from one phase to another under certain conditions (such as constant
temperature). There are three kinds of heat: evaporation heat (from liquid phase to gas phase),
melting heat (from solid phase to liquid phase) and sublimation heat (from solid phase to gas
phase). Lei Zhidong et al. [7] considered that the Richards equation only considered the effect
of water migration and phase transition, but not the effect of heat conduction. However, the
other scholars [9-16] considered the heat conduction and phase change latent heat, but did
not consider the water migration. On the basis of these two equations, Lei Zhidong et al. [7]
put forward the coupled water and heat transfer equation of frozen soil, which considered the
factors of soil water transfer, heat conduction, water phase change latent heat and so on.

In this paper, the physical parameters of frozen and unfrozen soil in severe cold area are
tested. The expression of natural temperature field of soil and atmosphere is used to analyze
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Fig 2. One-dimension frozen soil moisture and heat coupling model.

https://doi.org/10.1371/journal.pone.0258861.g002

the influence of soil freezing and unfrozen physical parameters on soil’s natural temperature
field at different depths, but the phase transformation process of soil freezing and unfrozen
state is not considered. Mixed-type and 6 Richards one-dimensional frozen soil moisture
migration can be expressed as follows (Fig 2°s model):

W _ O [, O] _Ok(v) pi0v

ot ~ oR {k(v’) aR} OR  p, ot (274)

dv, 0 ov)|  Ok(v) p;Ov

ot~ OR { ) aR] OR  p, 0t (278)
/0 = —90° (28)

Symbols were the same as those previously defined. The mixed Richards Eq (27A) was a
general form of the unsaturated soil water movement equation. This equation can be used for
heterogeneous soil, saturated soil and unsaturated soil moisture migration issues. It also facili-
tated the analysis of the hysteresis effect of soil water retention, which affects soil moisture
migration. The Richards Eq (27B) was the deformation of Eq (27A), and it had the advantage
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of being easily solved through numerical methods, but there were certain limitations, such as
that it could only be applied to homogeneous unsaturated water movement in soil.

The one-dimensional frozen soil heat flux transport equation with phase-changing latent
heat as the heat source was given by:

T 8 (. 0T v,

Symbols were the same as those previously defined.

(2) One-dimension frozen soil hydrothermal coupling equation. Frozen soil shows
strong coupling between heat and water migration, which came from moisture adsorption in
soil particles and the effect of frozen soil phase transition between water and ice. For homoge-
neous soil, the unsaturated soil water flow Eq (27) and heat conduction Eq (29) eliminated the
source-sink term that expressed the water phase-changing effect. Finally, a one-dimensional
frozen soil water thermal coupling equation can be given as [31]:

or o < P 8T) _U oT

o~ oR \ 3R ‘3R (30)

Where, C, = C+Cy, A, =A+D(v)Cy, U, = C, ‘";(Vj’), and C, = pr,‘%".

Cs, C, A, and U, respectively denote the frozen soil phase-change heat capacity, equivalent
volume heat capacity, equivalent coefficient of thermal conductivity, and equivalent convective
velocity. Eq (30) included soil moisture migration, heat transfer and moisture phase changing
factors, which influenced the soil water thermal coupling migration process. In Eq (30), the
equivalent volume heat capacity of frozen soil C, contained the soil volumetric heat capacity
Cs it also contained the phase-changing latent heat of soil temperature, which reflected the
negative feedback between soil temperature rise (drop) and moisture phase change. The equiv-
alent thermal conductivity 1, not only considered the soil surface layer coefficient of thermal
conductivity but also considered the latent heat migration arising from migration of water
from the ‘never freezing’ region to frozen areas and freezing (segregated freeze) migration.

Thus, the water flow Eq (27), heat and water coupled Eq (30), contact Eq (24), initial condi-
tions, and boundary conditions comprise the one-dimensional model of seasonal frozen soil
water thermal coupling migration. The physical and mathematical models of soil heat transfer
with phase change are established by using coupled soil water heat transfer equation, consider-
ing the changes of soil and atmospheric temperature field. The numerical simulation results of
whether phase change is considered, and these results are compared and analyzed in soil freez-
ing process. The results show that the curve of soil temperature with time is no longer smooth
when there is phase change, and there is a gentle duration of soil temperature at the beginning
of freezing and thawing, with which compared the soil without phase change; After freezing,
the soil temperature with phase change is higher than that without phase change. With the
increasing of depth, the temperature difference is increased. This conclusion will be proved in
the later experiments. At the same time, the impedance effect of ice is not considered.

Numerical calculation

The model equation of seasonal frozen soil water thermal coupling migration was nonlinear.
The solution is very complex, and considering the uncertainty of its initial conditions and the
boundary conditions, using the general solving method is not practical. Hence, at present, the
numerical calculation method is commonly used. This study used the finite difference method,
which is a numerical simulation method. According to the previous calculation, implicit
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difference calculation for large time steps can yield a physical real solution, and the stable per-
formance is better for a nonlinear equation; therefore, this study used a fully implicit difference
scheme for solving the equations of frozen soil thermal coupling water migration.

First, the frozen soil space region and time area should be discretized. The soil with depth
coordinates as the vertical axis can be divided into N layers, node i‘s coordinate was z;
(i=0,1,-- -,N), and the space step was Az; = z;—z,_;. Similarly, the time axis coordinate was
divided into M periods, node ks time was f; (i = 0,1,- - -,M), and the time step was Aty = f,—f
_1. Atnode i, time s frozen soil moisture content, matric potential, and temperature were V¥,
¥, and T, respectively.

Second, according to Eq (30), the discrete format of the fully implicit difference equation
was given as:

avl byt ek =h, (31)

ii—1 ivitl i

k+1 k+1
My DR, 2801 DF )

The coefficients in Eq (31) were:a;, = — (A tha ) ¢ =— Mt (bo Az

A
hy = VF — Bl (K gk

i Azi+Az; i+1

bi=1-a;—c;

Then, when solving Eq (23), ice was assumed to stay invariant over time period Aty, the
redundant liquid water was frozen into ice at the end of the period, and ignoring Eq (23)’s
phase transformation effect, the fully implicit discrete difference equation was:

k1 k1 k1l
aiTi—l + biTi + CiTi+1 _fi (32)
. . . _ 2At 1 2k+1 Ay k41 1
The coefficients in Eq (32) were: a, = yervy e LAY Sl vy v Uy bi=1-ai—c;
_ kil 20t 9 k+1 Atyeiq k+1
j; - C“' Ti 6= Aziy 1 (Azi+Azy ) /L“'*l/z + Azj+Azi 1 Ue'i :

Eqs (31) and (32) were tridiagonal equations, which can be solved using the “chasing
method” [32]. Simultaneously, the frozen soil water heat coupling equation was nonlinear and
coupling, which makes solving Eqs (31) and (32) independently impossible. Therefore, itera-
tive calculation was used at each time period, and coupled Egs (31) and (32) were repeatedly
calculated until the resulting difference before and after two iterations was within a given error
range. In this study, the iterative error limits of results were 0.01°C for temperature and 0.001
for moisture content.

Initial, boundary conditions and parameters

The proposed frozen soil hydro-thermal coupling migration model and calculation accuracy
needed to be verified, and numerical simulation results and experimentally measured data
should be compared. Field experiments were conducted from Nov. 2017 to Apr. 2018 in Xin-
jiang Province, Shihezi city, NongKeSuo pit field. The geographical location of the test pit and
its surrounding environment, climate, and soil conditions were in line with the characteristics
of frozen soil in the representative aspects. Before numerical simulation, the experiment’s ini-
tial conditions, boundary conditions and moisture characteristic parameters had been cali-
brated, and all test data were ensured to be within a reasonable range.

The test pit soil depth was 200 cm, the pit had a vertical down direction, the change in tem-
perature and moisture in the upper layer of the soil (0-100 cm) was larger, the step length was
20 c¢m, changes in the subsoil’s (100-200 cm) temperature and moisture were small, and the
step length was slightly larger (30 cm). The time step was set to 10 minutes by using a sensor.
Numerical simulations employed in Matlab were used to solve the model. The selected region’s
frozen soil hydro-thermal coupling migration was determined experimentally for the time
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period of winter of 2017 to spring of 2018, The following fitting methods used approximating
discrete data with analytic expression.

A. Initial conditions

(1) Soil initial moisture content. The starting time was set as Nov. 11, 2017, the soil mois-
ture content was initially measured, and the functional relationship between soil moisture con-
tent and profile depth was established, as shown in Fig 3.

(2) Soil initial ice content. When starting the numerical simulation, air temperature was
higher, the experimental area did not experience permafrost, and the soil was not frozen; thus,
the initial ice content could be set as v;(t = 0,z) = 0.

(3) Soil initial temperature. According to temperature data from the soil profile observed
on Nov. 11, 2017, the soil initial temperature and depth profile curve were simulated (Nov. 18,
2017), as shown in Fig 4.

B. Boundary conditions

(1) Soil moisture boundary condition. For the upper boundary of soil moisture content,
the second kind of boundary condition was chosen, i.e., the boundary condition of the rate of
evaporation E(f) was known, and this boundary condition can be expressed as:

ov

_D(Vo)ﬁ
s=0

+ K(v,) = —E(t) (33)

Where v, was the soil moisture content of the soil surface (z = 0). In the period with freezing
soil, the soil surface evaporation was weak, while in the period with thawing soil, soil evapora-
tion increased, but the duration was short. Therefore, soil evaporation was ignored in numeri-
cal simulations, and the upper boundary of frozen soil moisture movement was flux plane.

soil profile depth (cm)
0 30 60 90 120 150 180 210

5 y = -2E-10x® + 1E-07x° - 3E-05x* + 0.0045x3 -
i 0.2991x2 + 9.0751x - 78.775
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35

soil moisture content (%)
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Fig 3. Relationship between initial moisture content and depth.

https://doi.org/10.1371/journal.pone.0258861.g003
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Fig 4. Initial temperature and depth.
https://doi.org/10.1371/journal.pone.0258861.9004

For the lower boundary of soil moisture content, because the underground water level was
deeper, it had low influence on the upper soil moisture content; therefore, the lower boundary
of soil moisture content was taken as the first kind of boundary, i.e., the lower boundary of soil
moisture content was already known.

(2) Soil temperature boundary condition. The upper boundary for soil temperature
directly adopted the automatic meteorological station’s measured value, while the lower
boundary for soil temperature used the measured value.

Because the winter temperature in Xinjiang Province was not particularly low, according to
past experience, the deepest frozen depth was approximately 120-150 cm; therefore, at the
lower edge (200 cm), the soil was not frozen and the temperature change was not large. By con-
trast, during the season of melting, the soil temperature exhibited a slight decline.

C. Seasonal frozen soil moisture characteristic parameters

(1) Soil freezing characteristic curve. The soil freezing and thawing process is a very
complicated process involving material change and energy transfer, and it has an impact on
soil and external environmental conditions. Based on the relationship between the actual mea-
surements of non-frozen moisture content and soil temperature [33], we can obtain their
mathematic relationship. The soil freezing characteristic curve can be represented as:

v, = bE — 31T"**" (34)

Where v, was the non-frozen moisture content in the soil. T was the soil temperature.

(2) Unsaturated soil moisture movement parameter. Unsaturated hydraulic conductiv-
ity is related to saturated hydraulic conductivity (K) and is a very important parameter in the
soil water flow equation. The value of this parameter was equal to soil moisture transport flux,
from which an unsaturated soil unit gradient results. Unsaturated hydraulic conductivity
along with changes in soil matric potential or moisture content was more difficult to derive by
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theory, and an empirical formula was used to calculate it. The commonly used formula was:
V m
K=as" =K, (—) (35)

Where a and m were the empirical coefficients.

Water capacity (C) was the change in soil moisture content from which changes in unit
matric potential result. Water capacity is also related to soil moisture and soil matric potential
(unit is pa) and the important factor of soil moisture migration; it was defined as:

dv

Where y was related to soil suction s, expressed as s = —y,,,. To facilitate analysis, an empiri-
cal formula was used:

s=a’ =a(v/v)" (37)

Where v, was the saturated moisture content, and a and b were the empirical coefficients.
Thus, C can also be written as:

dv

c=-=
ds

(38)

Material and methods

Based on local meteorological data, the physical experimental observation parameters were as
follows: atmospheric pressure, light intensity, CO, concentration, wind speed, wind direction,
air temperature, relative humidity, precipitation, evaporation, soil temperature and humidity,
frozen soil depth. The time step was set as 20 minutes. The sandy loam soil depth was 30 cm,
60 cm, and 90 cm. In the process of solving the model, according to the actual situation, two
classes of soil texture with different step sizes were mainly used to solve the model. The
changes in the clay soil characteristic parameter were not large. We appropriately increased
the step size, but the changes in the sandy loam characteristic parameter were larger; thus, the
measurement step size was reduced. The main soil parameters are shown in Table 1. The soil
temperature and moisture were measured by a soil freezing and thawing sensor that utilized
an annular probe, which was developed by our own laboratory, as shown in Fig 5. Data numer-
ical calculations used MATLAB to solve the model. Water vapor transport was tested and cal-
culated aimed at analyzing the different soil textures during freezing and thawing period.

The main experiment contents included the following: soil moisture observations during
the freezing and thawing period, soil temperature change observations, and meteorological
conditions observations.

Table 1. Clay and sandy loam soil parameters.

Soil texture Soil particle diameter, mass percentage(%) Rising height of capillary water(cm) | Water supply degree /(msm™)
Clay(<0.0039mm) | Powder(0.0039~0.02mm) | Sand(>0.02mm)

Clay 81.6 9.5 8.9 195 0.005

Sandyloam | 19.6 243 56.1 185 0.08

https://doi.org/10.1371/journal.pone.0258861.t001
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-,

Fig 5. Field ring probe of soil freezing and thawing sensor [41].
https://doi.org/10.1371/journal.pone.0258861.9005
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A. Soil freezing and thawing sensor structure

In this paper, the soil profile sensor structure was composed of a main board, a moisture sen-
sor, a temperature sensor, a connecting cable, a PVC bracket and a PVC sleeve, as shown in
Fig 6. A copper detector was layered (interval 10 cm, adjustable) and sheathed on the PVC
bracket with a cylindrical structure. A water content detecting circuit was placed inside, and
two brass electrodes were embedded on the outside to receive and transmit electromagnetic
waves. The moisture probe determines the number and position according to actual needs (at
most 8 sensors can be installed); the temperature sensor main board and water sensor circuit
were connected by connectors, which were plugged into the connecting cable. The sensor
main board collected data and controlled each layer’s sensor by the connecting cables. To
reduce the overall sensor power and avoid electromagnetic interference between the moisture
sensors, the sensor board adopted a time-sharing power supply mode to supply the moisture
sensor and temperature acquisition board [41].

Before using the sensor, it was necessary to use the specified tool to bury a PVC tube at the
test point. During the test, according to the actual demand, the moisture probe position and
number of probes were adjusted. The sensor was inserted into the PVC tube and was connected
to a power supply and a data cable that was tightly covered. Then, this sensor was able to col-
lected online, real-time measurements of soil moisture and temperature at various depths.

(1) Electric field distribution of annular probe. The ring probe model was established
by using HFSS electromagnetic field simulation software. The frequency was set to 100 MHz
and the lumped port excitation mode was selected; the probe diameter was 2.5 cm, and its
widths were 2.0 cm, 2.5 cm, 3.0 cm and 3.5 cm. The dielectric constant around the filling
medium was set to 21 (corresponding to the soil volume water content of 36%). The dielectric
constant of the PVC pipe installed with a copper ring bracket was 4. The medium in the pipe
was set to air. The dielectric constant was set to 1; the copper ring electrode was set as the ideal
boundary of the electric field; the diameter was set to 12 cm; the height was set to 13 cm; and
the cylinder represented radiation boundary conditions.

It can be seen from Fig 7 that the four structures of the water content probe were mainly
distributed evenly between these probes, and the surrounding electric field was compact with-
out a separation phenomenon. The different widths of the annular probe mainly affected the
longitudinal and horizontal ranges of the monitored electric field distribution. The electric
field strength was 104.9 V/m in the pale gray area, and the scope of the probe’s longitudinal
electric field strength color tended towards the light gray area, which increased as the width of
the copper ring increased to 9.5 cm, 10 cm, 10.5 cm and 11 cm. In contrast, the range of the
probe’s electric field strength reaching the light gray region, which decreased with increasing
copper ring width, decreased to 10.5 cm, 10 cm, 9.5 cm and 9 cm. From the above phenome-
non, it can be ascertained that these four ring electrode widths were all suitable for use in the
sensor detection probe. In a practical application, the appropriate annular electrode width
should be selected by considering the horizontal and vertical detection area. The conventional
separation interval in agricultural applications is 10 cm; the copper ring with a width of 2.5 cm
was chosen as the sensor electrode in this paper.

The PVC tube had attenuation effects on the electric field strength. The copper ring internal
electric field intensity was higher than outside PVC electric field strength. The copper ring
internal moisture test board was considered to influence the electric field distribution; in this
paper, a metal shield was used on the moisture test mainboard.

(2) Performance test of sensor dynamic response. 1) The sensor’s dynamic response perfor-
mance mainly reflected the time required for the sensor to respond when the water content
changed in the sensor detected area. This experiment analyzed the sensor’s moisture detection
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Fig 6. Schematic of soil freezing and thawing sensor [41]. H. Spacing of sensor probe (The shortest distance was
10cm) 1. Communication interface of power supply and RS485 2. SD card storage module 3. Sensor collecting
mainboard 4. Bottomed cable connector 5. PVC support frame 6. Connecting cables 7. Temperature sensor board 8.
Moisture and temperature mainboard connector 9. Copper detection probe 10.PVC tube.

https://doi.org/10.1371/journal.pone.0258861.9006
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Fig 7. Simulation of electrical field distribution of a ring probe.

https://doi.org/10.1371/journal.pone.0258861.g007

capabilities, and the PVC test tube was placed in water. An oscilloscope was used to detect the
time required for the sensor to switch from being just energized to producing a stable output. The
result is shown in Fig 8. AX was the time difference between sensors from energization to the
point at which a stable output was maintained. The dynamic response time was 1.28 ms.

RIGOL STOF ik - ] ¥ 282ml)
[CurA:=-16%9m=s  F
[CurB:-16Tms
Al 1.28ns

(11 a%1 = T2 1H:

Rizell) =3.

Fig 8. The dynamic response of soil moisture sensor.

https://doi.org/10.1371/journal.pone.0258861.g008
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Fig 9. The dynamic response of temperature sensor.

https://doi.org/10.1371/journal.pone.0258861.g009

2) The temperature detecting element adopted an armored platinum resistance, and the
temperature measuring circuit response time principle was similar to that above. The dynamic
response time was 38.0 ms after each test, the result is shown in Fig 9.

B. Soil moisture observation

The soil moisture observation experiment mainly included initial soil moisture, total water
content and unfrozen water content observations. The sensor was used to measure the initial
moisture and total water content when the freeze had not yet started. A homemade freeze
thaw sensor was adopted to measure the unfrozen water content during the freezing period.
The measurement method used was that of the soil profile determination; the actual schematic
layout is shown in Fig 10.

As seen from Fig 10, the freezing and thawing data were embedded with 8 pipes. The tube
was a high strength PVC plastic pipe, the length was 2000 mm, the inner diameter was 58 mm,
and the outer diameter was 60.3 mm. The test tube was consolidated in August 2017 before the
soil was unfrozen, and testing began after a few months of stabilization, the sensor layout was
shown in Fig 11.

Test tube

Iﬁ—' East » West

No. No. 2 No. 3 No. 4 No.5 No.6 No. 7 No. 8
1500mm

Fig 10. Schematic layout of test tube (mm).
https://doi.org/10.1371/journal.pone.0258861.g010
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Fig 11. Sensor layout.
https://doi.org/10.1371/journal.pone.0258861.9011

C. Soil temperature observation

A DS18B20 digital temperature sensor was used to collect soil profile temperature observa-
tions. During the experiment, temperature sensors and soil moisture sensors were placed in a
vertical arrangement as shown in Fig 12 in the test area.

Experiment result & verification

First, the experimental equipment was installed. The sensor equipment was installed on Nov.
20, 2017, and the first observation data were collected on Jan. 20, 2018. The soil hydrothermal
conditions were observed; the soil was not completely frozen at this time. Simulation and
experimental results are shown in Fig 13.

As seen in Fig 13, the soil moisture at a depth of approximately 80 cm began to freeze
because the latitude was high, air temperature was low, upper layer of soil was influenced con-
siderably by the external environment, and temperature changed rapidly with the depth of the
soil. The soil was uniform in texture, located in a sandy soil zone, and exhibited slow change in
the lower-layer moisture content; this transformation agreed with the actual situation. In addi-
tion, the simulation result from numerical analysis was consistent with the trend in variation
measured in the experiment, and the error associated with the surface soil was smaller than
that associated with deeper soil, which may be due to surface evaporation or the low accuracy
of the parameter values for the lower soil thermal characteristics. The errors between measured
results and simulation results are listed in Table 2 as well as discussed below.
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Fig 12. Sensors buried sectional.

https://doi.org/10.1371/journal.pone.0258861.9012

As seen in Table 2, the largest relative error was 4.36, minimum error was 0.98, and average
error was 2.515. The simulation result of the period of soil freezing was reliable. The numerical
simulation results were generally consistent with the measured data, but the error associated
with the deep-layer soil was large because the subsoil was sandy soil, and the water flow was
larger. In the subsoil from a depth of 100 cm to the surface, moisture change was larger.
Because day and night exhibited large temperature differences at high latitudes, the climatic
conditions caused air and surface temperature transmission; thus, the simulation result was
similar to the real values. Next, the soil temperature experiment was performed and the result
is shown in Fig 14.

The soil temperature simulation result was similar to the result for moisture content (Jan.
20, 2018). The result had a certain amount of error, but the change trend was the same. As
seen in Fig 14, the frozen soil frost at a depth of approximately 80 cm began to change, and the
surface temperature was slightly higher, because the freezing period did not have snow cover,
the combined ultraviolet irradiation had high intensity, the temperature was higher than in the
previous year in this area, and the soil temperature was approximately 1.5°C. In addition, the
upper soil temperature changed rapidly with depth, which suggested that the lower sand was
experiencing the freezing period. The freezing front surface from water to ice was approxi-
mately 200cm underground (considering the boundary condition, the sensors could not be
deployed deeper). The errors between the measured result and the simulation result are listed
in Table 3 as well as discussed below.

Because the temperature sensor’s sensitivity was good, the errors between numerical
results and measured values were large; specifically, the largest relative error was 14.31,
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Fig 13. Measured value compared with simulated value of soil moisture content (2018-01-20).
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the minimum relative error was 0.67, and the average error was 6.67. These errors were
within the permissible error range, indicating that the simulation results were generally
reliable.

Results and discussions
A. Qualitative analysis of soil water diffusion and evaporation

In this paper, the influence factors of hydrothermal coupling model included two aspects:
water vapor diffusion and evaporation [34]. In water migration conveying process, in the pro-
cess of the migration of water content, movement direction, and transport intensity will
change with time, on which effected the change of the frozen soil moisture and temperature
[35, 36]. For the air column in one-dimension vertical in the frozen soil, upper bound was
taken as top gas convection column, lower bound was soil bottom surface [37, 38]. According
to water balance principle, the air column of atmospheric water balance can be built as [39]:

(W, +E)—(W,+P)=AW (39)

W, was water vapor content which flowing into gas column, W, was the water vapor con-
tent which outflowing gas column, E; was evaporative emission, P; was precipitation, AW was

Table 2. Relative error of measured values for water content.

Dept (cm) 20 40 60 80
Relative error (%) 3.26 2.05 2.53 0.98

Dept (cm) 110 140 170 200
Relative error (%) 3.87 3.91 4.19 4.36

https://doi.org/10.1371/journal.pone.0258861.t1002
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Fig 14. Measured value compared with simulated value of soil temperature (2018-01-20).
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water vapor variable of gas column, for a long time observation, AW—0, so one-dimension
vertical frozen soil column water movement can be represented as:

Wy=W,-W,=P —E (40)

W, was water vapor content. Because the evaporation rate was much less than the delivery
value of water vapor, the precipitation of the region (snowfall) determined water vapor
amount in frozen soil column [40]. At the same time, in the process of water vapor transport,
soil also accompanied momentum and heat transfer, it affected soil temperature, pressure and
other model parameters.

According to the observed data from the test station, the information of the change of the
soil moisture was recorded from December 2017 to March 2018. According to the simulation
results, surface soil evaporation latent heat evaporate emission was E;, P; can be acquired by
rain gauge or local weather information. According to Eq (40), the frozen soil moisture trans-
fer simulation results were qualitatively analyzed in the freezing and thawing period in the test
area, the results were shown in Fig 15.

The qualitative results of one-dimensional vertical frozen soil columns under different soil
texture and buried depth can be seen from Fig 15. With the depth of the soil with different

Table 3. Relative error of measured temperature values for water content.

Dept (cm) 20 40 60 80

Relative error (%) 7.11 5.14 291 0.67
Dept (cm) 110 140 170 200

Relative error (%) 4.36 6.32 14.31 12.53

https://doi.org/10.1371/journal.pone.0258861.t003
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loam soil.
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texture going deep, the surface soil evaporation was small, deep soil moisture diffusion phe-
nomenon was more obvious. From December 2017 to March 2018, during a complete freezing
and thawing period, the deepest phreatic water level’s evaporation was highest, clay and loamy
sand average evaporation were respectively 1.93mm/day and 1.68mm/day. Because the satu-
rated hydraulic conductivity was different, the phreatic soil depth evaporation and moisture
diffusion were large. In clay surface soil and 1m below bottom soil, water evaporation and dif-
fusion content were about 3.51mm/day, while sandy soil water evaporation and diffusion were
obvious changed in soil depth (0.6~0.9m), the average difference was about 0.98mm/day.
Because every year’s January marked the northern winter, frozen soil was relatively in a stable
stage, the freezing depths prevented the water contact of the subsoil and outside atmosphere,
of which cut soil column from frozen depth, so above frozen depth the soil can take water
vapor evaporation, diffusion and external atmosphere etc. As a result, the water vapor trans-
port amount was small, the lower subsoil almost had no good interaction with environment, it
only interacted with deeper groundwater for water vapor transport process, Eq(40)’s E; was a
small value, caused soil column moisture evaporation larger.

B. Effect of soil texture on water vapor diffusion

It was difference between soil particle’s interspace, which made soil water potential, unsat-
urated hydraulic conductivity and other soil parameters characteristics differ. In one-
dimensional vertical frozen soil column model, water movement and evaporation were
closely related to hydraulic effect, this waterpower affected water and heat coupling. In Fig
15, under the same depth (60cm) and near the layer depths, contrastive analysis showed
that sandy loam soil moisture evaporation was faster, air convection was more, moisture
diffusion was in large quantity. With the increasing depth, the increment of the diffusion
of the water vapor of the sandy loam was more obvious. Because clay has good water
retention, the diffusion of the moisture of the freezing and thawing soil was generally
lower than sandy loam. Above frozen soil layer (100cm), moisture diffusion amount was
analyzed, clay soil moisture evaporation average amount was about 0.51mm/day, sandy
loam soil moisture evaporation average amount was about 1.24mm/day, which was
241.99% times than clay. It is relatively that the difference of soil texture influencing on
the moisture migration of the frozen layer.

Conclusion

By comparing numerical simulation results and experimentally measured data, this paper pro-
posed a new hydrothermal coupling differential unit cell model that is based on a sphere. The
seasonal frozen soil hydrothermal coupling equations were successfully derived, and the corre-
sponding calculation method was applied to simulate the soil-freezing process. Compared
with the traditional parallelepiped basic differential unit model, the proposed model has
increased computational complexity. According to the experiment results, this model had cer-
tain errors, characteristic parameters such as the automatically adjusted step length (time and
space) need to be improved, and its accuracy should be further improved. The conclusions are
as follows:

1. In high latitudes of northern China, the soil surface is affected by cold climate in winter,
so the freezing and thawing effect is obvious. From the experiment data, November to January
is the winter of northern China, the depth of permafrost changes with temperature. The freez-
ing depth basically changes at 30cm-200cm in soil surface profile. The water vapor, moisture,
and temperature changes and transitions are also carried out, in addition, from the perspective
of soil quality, with the increasing of soil depth, the water and heat migration becomes more
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and more intense, this is because the soil is sandy and the moisture flow is large. The water
changing is the most dramatic about 100cm below the surface, which causes the drastic inter-
action of air and surface soil’s temperature and moisture. Due to the large temperature differ-
ence between day and night, the error between the numerical simulation calculation and
actual measured data is within a reasonable range.

2. For the temperature changes, the proposed sphere model is also simulated in this region,
and the results are consistent with the above conclusion for different soil and frozen depth.
From the results, the temperature variation located at the soil frozen depth of 80 cm shows an
inflection point, because there is no snow cover during the freezing period in winter, the high
intensity of local ultraviolet radiation makes the freezing depth shallow, the soil temperature
maintains at about 1.5°C. Moreover, from the perspective of soil quality, the temperature of
soil lower layer decreases with increasing depth, which indicates that the lower sandy soil is in
the freezing period, and the freezing front of the transformation from water to ice is about 2.5
meters underground. This result shows that the freezing depth of sandy soil is deep, the change
of soil temperature is obvious, and the conclusion has scientific significance for soil moisture
conservation and irrigation.

In addition, experiments were also carried out late in the freezing period. As this period
was accompanied by human intervention (irrigation), some rain, and snow interference, the
characteristic parameters changed considerably, the final matching curve differed greatly from
the measured values, but their basic trends were consistent.
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