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Abstract. The paper presents a function-type relation which
demonstrates that volumetric moisture of the surface horizon of
soil has an effect on the intensity of atmospheric water infiltra-
tion during non-rainfall periods. The relation, developed and then
verified on the basis of independent material, reveals that the
intensity of infiltration decreases with an increase in volumetric
moisture of soil. For the case presented herein, infiltration ceases
when volumetric moisture is higher than 0.15 m* m™. The deve-
loped function also takes into account the effect of atmospheric
conditions through the introduction of another argument into the
domain. The aforementioned is in the form of potential condensa-
tion efficiency measured on a dew collector, and assumes the form
of a modified logistic function.

Keywords: volumetric moisture of surface layer of soil, in-
filtration in non-rainfall periods, potential condensation efficiency

INTRODUCTION

In non-rainfall periods, soil is also supplied with water
from the atmosphere (Jacobson ef al., 2015; Kidron et al.,
2014; McHugh et al., 2015; Tomaszkiewicz et al., 2015).
This is an effect that comes about due to the formation of
dew, hoarfrost, soil-water vapour condensation and atmos-
pheric water adsorption (Alishaev, 2013; Janik et al., 2014;
Zhang et al., 2015). The importance of these processes in
the water balance of the soil surface layer is demonstrated
not only in arid (desert) areas, but also in humid regions
(Cassity-Duffey and Cabrera, 2016). Infiltration in non-
rainfall periods is defined as being the water flux from the
atmosphere through the plane of soil surface (further on in
the paper it is denoted with the symbol E7). It is a physical
process that comes into play at the boundary of two media
(Beysens, 2006; Jacobs et al., 2000), hence, its intensity is
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dependent on a number of elements determining the sta-
tus and physical properties of both the atmosphere and the
soil (Fig. 1). Furthermore, it depends directly on the inten-
sity of water condensation on soil surface and on the soil
capacity for water absorption. The most important element
of the state of the atmosphere that affects the intensity of
water condensation is the relative humidity of the air close
to soil surface (RH) (Kaseke et al., 2012a; Komori and
Kim, 2016; Maphangwa et al., 2012). This is a measure
of water vapour availability that depends on such factors
as e.g. wind direction and velocity (Beysens ef al., 2005;
Brys, 2013; Malek, 2003; Muselli et al., 2009; Zhang et al.,
2015). The intensity of water condensation on soil surface
is described by Stephan’s theory of diffusion, the formal
notation of which is expressed by the relation (Brouwers,
1992; Frank-Kamenetskii, 1955):

Q, = p DN, Inp_Ps'

RpTpgl  p—p

where: O, — amount of condensing vapour per unit of area
(kg s m?), p — atmospheric pressure (Pa), N, — Nusselt
number (-), R, — individual gas constant of water vapour
(J kg' K™, T,, — temperature at soil surface (°C), L — linear
value (m), p, — saturated vapour pressure for soil surface
temperature (Pa), p; — partial pressure of air vapour (Pa),
D — diffusion coefficient (m?s™).

Formula (1) includes the Nusselt number which is
dependent on the convective heat-transfer coefficient in
air (a,) and the thermal conductivity coefficient in air (4,)
(Jacobs et al., 1996). In consequence, the physical pro-
perties of the atmosphere, similarly to its state, affect the
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Fig. 1. Factors affecting the intensity of atmospheric water infiltration in non-rainfall periods.

intensity of water condensation on soil surface. The source
of meteorological data can be, e.g. the GNSS satellite sys-
tems (The Global Navigation Satellite System) (Dymarska
et al., 2017). The necessary condition for the appearance
of condensed water is that soil surface boundary air tem-
perature (7,,,) is lower than the dew point temperature (7%)
(Monteith and Unsworth, 2003). Basically, this is possible
only when soil surface temperature (7,,,) is lower than the
dew point temperature (7%). The value of 7} depends only
on the state of the atmosphere — in particular, on the rela-
tive humidity of the air (Alnaser and Barakat, 2000). The
value of 7,, depends on the state of the atmosphere and on
the thermal properties of the soil (Agam et al., 2004; Jacobs
et al., 2002; Jia et al., 2014; Yamanaka ef al., 2007; Zhang
et al., 2009). In turn, the thermal properties of the soil are
affected by its physical properties (Usowicz et al., 2006,
2013). The rate of change of soil temperature is directly
proportional to the thermal conductivity 4, (J m" K' s™)
and inversely proportional to the thermal capacity C,,, (J m”
K™). The ratio of coefficient A, to coefficient C,, is called
the thermal diffusivity D, (m”s™). It is the principal term of

the equation describing the relation between temperature
change 07, in time J¢ and the distance from the surface oz.
The equation has the form:

5T, 5T,
e = Do @)

where: T, — soil temperature dependent on z (°C), z — dis-
tance from soil surface (depth) (m), D,— thermal diffusivity
(m*s™).

The values of 4, and C,,; depend on the volumetric mois-
ture of the soil (), and coefficient A, assumes the maximum
value when the current volumetric moisture of soil € is
equal to full saturation moisture 8,. Of note, the increase
of coefficient 4, is not linear (Usowicz et al., 2013); how-
ever, the relation between thermal capacity C,, and current
volumetric moisture of soil in the range from 6, (residual
moisture) to 0, is linear. Therefore, the coefficient of thermal
diffusivity D, attains its maximum for a value of volumetric
moisture that is characteristic for a given soil. The above
considerations explain the effect of water content on heat
flux in soil, and, thus, on meeting the condition of 7,,,, < T.

What is more, in accordance with the block diagram
presented in Fig. 1, the thermal properties of soil are affect-
ed, apart from the volumetric moisture, by the soil physical
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Fig. 2. Schematic diagram of field experiment.

properties (Kaseke et al., 2012b; Li, 2002; Meissner et
al., 2010). These include the particle size distribution, the
density and the degree of organic matter content. The afore-
mentioned properties determine the material functions of
soil, i.e. the water retention curve (pF) and hydraulic con-
ductivity curve (k(#)) (Agam and Berliner, 2006; Fischer et
al., 2012; Katata et al., 2007). These functions subsequen-
tly determine another key element affecting the intensity
of water infiltration, i.e. the soil’s ability to absorb water
formed on its surface (Jacobs et al., 1999; Katata et al.,
2007). From the moment of entering a porous medium,
water moves in accordance with the physical field theory,
i.e. it moves from a point with a higher total potential, to
a point with a lower total potential. In a porous medium
(soil), the total potential is the sum of the matric potential
and the gravity potential. Therefore, both components have
an impact on the rate of water movement in soil in non-
rainfall periods. The phenomenon of water infiltration is
described by the Richards equation (Lipnikov ef al., 2016).
Its solution requires the determination of initial and bound-
ary conditions, as well as material functions of the soil.

The intensity of water infiltration in non-rainfall periods
is also affected by physiographic factors. These include,
e.g. the species and development phase of the vegetative
cover (He and Richards, 2015; Ucles et al., 2016; Zhang
et al., 2009), the ground slope exposition and the relief
(Kidron, 2000; Verhoef et al., 2006). However, these are
indirect effects and are omitted in the block diagram pre-
sented in Fig. 1.

It needs to be emphasised that the only aspect left out
is the effect of the volumetric moisture of soil, and it is the
value of 6 that determines both the intensity of water con-
densation on the soil surface and the ability of the soil to
absorb the condensed water. Therefore, the objective of this
study was to describe quantitatively the relation illustrating
the effect of the current moisture of the surface layer of soil,
on the intensity of the process of infiltration in non-rainfall
periods.

MATERIALS AND METHODS

The realisation of the objective formulated in this way
requires conducting a number of field experiments. We did
these in two stages. Experiment D, (stage 1) in 2013, and
experiments D, and Ds, in 2014 and 2015, respectively
(stage 2). The experiments were conducted on the premi-
ses of the Observatory of the Faculty of Climatology and
Atmosphere Protection, Wroctaw University (51°06°19,0”
N; 17°05°20,0” E). In each of the stages, a number of
one-day measurement series were conducted. Figure 2 pre-
sents a schematic diagram of the experiments, and shows
the location of 17 undisturbed soil volumes (monoliths)
formed by aluminium barriers. The particle size distribu-
tion of mineral parts of the solid phase corresponded to that
of sandy loam. In 16 of the spaces (from i =2 to i = 17),
water flow is possible solely through the top surface, and in
space 17 (i = 1) water flow is completely impossible. In the
course of the experiments, selected spaces were moistened
with various doses of water.

A dew collector was also installed at the experimental
site so as to measure the potential condensation efficiency
(E"). This does not depend on a soil’s state and properties
(Galek et al., 2015). Further on in the paper that parameter
is denoted with symbol E”. The value of E” can be also
measured by means of the porous ceramic plate sensor for
atmospheric water deposits measurements (Nakonieczna
et al., 2015). The aim of experiment D, was to determine
the relation between the value of E* and the volumetric
moisture of the soil 6,, for various values of E”. For the
first one-day series, precise determination was made of the
intensity of infiltration (E¥) for 16 soil volumes with vari-
ous values of volumetric moisture. In that series, the values
of E” were identical for each of the spaces. Only then can
the effect of 6,, on E® be determined correctly. Identical
measurement series were conducted on successive days.
However, due to varied weather conditions, the values of
E" in the successive series were different.
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The values of E* were determined with the use of the
knowledge of the dynamics of volumetric moisture of soil
in isolated spaces (Janik et al., 2014). The application of
the TDR technique and the introduction of temperature cor-
rection ensures that soil moisture can be determined with
high accuracy (up to 0.001 m* m™). The method of deter-
mination of the temperature correction is elucidated in the
papers by (Janik et al., 2014; Oates et al., 2017, Skierucha,
2009). When the LP/ms probe is placed horizontally, we
found that it was possible to register the volume of soil
moisture in the top soil layer (2 cm). The sensitivity zone of
the sensor does not exceed beyond the soil monolith deter-
mined by aluminum barriers (Janik et al., 2011).

Ultimately, it was possible to construct for successive
short time steps (chosen at will) water budget equations for
soil volumes 2-17. The only unknown in the equations is
the value of E¥, and on this basis it can be calculated from
the formula (Janik ez al., 2014):

ER = ([Hpg-f)rf - (Hpg.i]ri)hi At Q)

where: E* — intensity of effective non rainfall water flux
(mm day™), 6,,; — volumetric moisture in i-th space at
the initial moment (¢ *), (at the final moment (¢/)) (m* m?),
h; — height of i-th soil volumes (mm), At =1¢'/—1".

As the time step is short and the moisture is determined
accurately, the calculation of the E® value from relation 3
will be precise. The series of experiments within stage one
(D)) were conducted in the period from the 1st of July until
the 30th of August, 2013. Soil volume No. 1 was equipped
with moisture (LP/ms) and temperature (LP/T) gauges.
Within that space, potential changes in the readouts of
volumetric moisture taken with the TDR apparatus result
solely from the diurnal changes of temperature at which
the measurements were taken. The temperature correc-
tion obtained on this basis will be used for the correction
of moisture readings in the other soil volumes (from i = 2
to i = 17). All of them are equipped with a gauge (LP/
ms), and soil volumes No. 2 additionally with a tempera-
ture gauge (LP/T). The cause of moisture increase during
the non-rainfall periods in the tested soil volumes is the
infiltration of water formed on the surface as a result of
condensation. The diurnal values of E” were obtained on
the basis of data from the dew collector. The experimental
data and calculations allowed us to acquire information on
the actual intensity of water infiltration to soil (E”) for soil
moisture range from 0.12 m’ m”to 0.32 m’m™ and for the
various values of E” which varied in the range from 0.027
t0 0.220 mm day ™. The data set of 6,,,, E” and E” will allow
us to construct the relation of E* as a function of current
moisture of surface soil horizon 6,,; and to obtain the value
E, (E* = fi0,4, EN)).

In our study, various classes of function fwere analysed,
and the approximation was conducted via the method of
least squares analysis. The aim of further study was to ve-
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rify the correctness of the developed function on the basis
of independent material. In subsequent years, two experi-
ments were conducted that were identical to that in stage 1:
experiment D, in the period from 31st October, 2010 to 14th
November, 2014, and experiment D; in the period from 4th
August to 2nd September, 2015. The adopted measure of
goodness of fit of function f'was the mean modulus of dif-
ferences, calculated from the formula:

n
1
Bp..00) =;Z |E=(6pzi™, £7) — B%7 (0724, 87|, (4)
i=1

where: B, (n,) — mean modulus of differences for experi-
ments D, (D;) (m’ m”), n — number of compared pairs,
E"(2#P2), fP)~infiltration intensity calculated on the basis
of Eq. (3) and data from experiments D,, (D;) (mm day),
E*/ (6;; 1(1)3) E?) — infiltration intensity obtained on the
basis of calculations from function f (mm day") and the

mean relative error:

D3,(D E E D2,(D3) I
W, _ 1 (Bpgr( J P) e (Hp;,i( 3)’ P)
Dz.(D3) Do, (D. ’
2. 2 n — | E‘R (ep;'l( 3)’ ! P)

®)

where: Wp, ;) —
in Eq. (4).

mean relative error (-), other symbols as

RESULTS

Figure 3 presents the values of volumetric moisture dur-
ing experiment D, in selected soil volumes (numbers 2, 5,
8, 11, 14, 17). These are values corrected for temperature.
The times of soil moistening that were performed at va-
rious doses for each of the soil volumes are illustrated with
triangular markers. The lowest value of 6,:, was obtained
in soil volume No 5 (no moistening) where it amounted to
6,25 =0.12 m*m™. The highest value of 5, was obtained
for soil volume No. 17 where it reached 672 . =0.32 m’ m™.
The run of the mean diurnal soil temperature 7 ,..,, Which
varied in the range from 17 to 33°C, is also presented.
Figure 3 also shows the dates of occurrence of precipitation
(P) and their diurnal doses. This allowed the elimination of
the periods in which the values of E* cannot be calculated
with the method proposed in the paper (Eq. (3)).

Upon analysing the dynamics of soil moisture, one can
observe that in non-rainfall periods, and also when the soil
was not moistened, an increase of volumetric soil moisture
took place. This indicates that water is being infiltrated
from the atmosphere. The information presented in Fig. 4
justifies the need for the application of the temperature cor-
rection. The figure illustrates the detailed run of changes of
volumetric moisture in soil volume No. 17 (experiment D)
for two selected days (14th and 15th of August). The green
line represents data without temperature correction, while
the red line represents that with the temperature correction.
The differences are not large. For example, on the 15th of
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Fig. 4. Dynamics of soil moisture in space No. 17 on 14th and
15th of August; 0,, — volumetric moisture of soil at the surface
(m* m?).

August at 11:30 the volumetric moisture read directly from
the TDR apparatus, 655{?3, and the moisture calculated
with the temperature correction taken into account, Gggl"f?",
differ by as little as 0.004 m’m™ (0.182-0.178 m’m™), i.e.
by 2%. However, such a small correction results in a diffe-
rence in the calculation of the value of E* from Eq. (3) of
as much as 65%. On that day, the value of E* without the
temperature correction is 0.017 mm day™', while after the
temperature correction the resulting E® is 0.049 mm day™
((0.049-0.017)/0.049 100=65%). Therefore, in the case of
calculations of this type, the application of temperature cor-
rection is necessary (Janik et al., 2014; Skierucha, 2005).
During experiment D,, the value of E” varied on individual
days because the atmospheric conditions were different.
However, for a specific day, the values of E” were identical
for each soil volume. As the soil volumes have different
volumetric moisture at the moment of start of water con-
densation upon the soil surface, a relation illustrating the
effect of this on the value of £* can be constructed. Figure 5
presents such relations for four selected series as drawn
from experiment D,. The measurement series selected were

precipitations (mm day™), 6,, — volumetric moisture of soil at the

such that had varied diurnal values of E”. For example, on
the 1st of July, the value of E” was only 0.027 mm day,
on the 4th of August — 0.076 mm day”', and on the 17th
and 19th of July — 0.128 and 0.160 mm day™, respectively.
When E~0, the value of E® is constant and equals 0 mm
day™. When E">0, with the increase of 0,,; there is a de-
crease in the diurnal values of E*. In every case, for 6,
>0.15 m’ m~, the values of E* equal approximately 0 mm
day™. Another regularity that follows from the information
presented in Fig. 5 is that with the increase of E”, there is an
increase in the maximum values EX .. For example, when
E=0.076 mm day”, the value of Efiax = 0.128 mm day”,
and when E’=0.160 mm day” — Fmax = 0.183 mm day’.
These observations are indicative of the correctness of the
experiment and calculations. The next step was an analysis
of the suitability of various classes of functions approxi-
mating the value of E® in relation to variables 6,,; and E".
As a result, the empirical data were approximated with
a modified logistic function (Janik et al., 2015). A func-
tion of this class, with the applied modification, correctly
describes the relations in which values increase with the
increase of the first argument and decrease with the increase
of the second argument. In addition, the values achieve
a state of saturation. The domains are, therefore, the current
volumetric moisture of soil (6,2, ) and the current value of

E”. The function has the form:

A
ER.f QDI ',EP — ,
(Pog F7) L+B e @i -aupen) (0
where: E®7(6,2,E”) — approximated function of actual

water infiltration to soil in non-rainfall periods (mm day™),
6,2; — current volumetric moisture of surface horizon of
soil in experiment D; (m’ m™), E” — potential condensation
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efficiency measured on dew collector (mm day™), 4 (mm
h"), B (-), C (mm day™) — empirical coefficients, 8,7 —
maximum volumetric moisture of surface horizon of soil
during experiment D, in i-th soil volume (m’m?), 82, —
volumetric moisture in the surface layer during experiment
D in i-th soil volume (m® m™).

Values of parameters A, B and C were chosen so that the
sum of squared differences (R’) of the values of £ obtained
on the basis of experimental data and from formula 6 was
the smallest. The values of R’ were calculated from the

formula:

n
N GUCAT0 B o) M
i=1

where: R’ — mean squared difference between values of
ER(gy:  EPyand ER7(0,2, E7) (mm day™)’, remaining sym-
bols as in Egs (4) and (6).

Ultimately, on the basis of data from experiment D, and
from the calculations, the developed function E*/ has the

form:

0.24

ERf(0,:
—206.40 ((8

pg.i’ EP) =

®)

Dy max

Dy
pg.i 6

’
Pg-i] EF)

1+179.28e

where: symbols as in Egs (6) and (7).

The shape of function E®/ with parameter values of
A=0.24 mmh™', B=179.28, C=206.40 mm day is presented
in Fig. 6, together with selected values of E* obtained on
the basis of measurements.
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The applicability of the developed function for the
description of the phenomenon under consideration in the
study for other atmospheric conditions and the same soil
type was verified on the basis of data acquired from experi-
ments D, and D; (stage 2). For this purpose, measures of
goodness of fit of empirical data were calculated for the
developed model described by Eqgs (4) and (5). For com-
parison, the values of these measures are also given with
relation to experiment D,. The values of the mean modulus
of differences are B, = 0.025 mm day™, Bp, = 0.017 mm
day”, By, =0.029 mm day, respectively. The values of the
measure calculated on the basis of Eq. (5), Wp, Wp,, Wp,,
will not be an analysed herein. This is due to the fact that
when Ef—0 then Wo» Wo,, Wo, tend to co. A discussion of
the results obtained is not possible. This is due to the fact
that the studies published so far do not provide a function
that would relate the volumetric moisture of the surface
layer of soil with the infiltration in non-rainfall periods.

CONCLUSIONS

1. The developed relation reveals that with an increase
of the volumetric moisture of soil, the intensity of water
infiltration from atmosphere decreases. For the sandy loam
considered in this study, infiltration ceases when volumet-
ric moisture is higher than 0.15 m’ m™.

2. The developed function takes into account the effect
of atmospheric condition through the introduction of poten-
tial condensation efficiency as measured on a dew collector.
The function has the form of a modified logistic function.

3. The application of the TDR technique for the determi-
nation of water infiltration intensity in non-rainfall periods
requires the application of temperature correction to read-
outs from the measurement apparatus. Under the conditions
of this study, the error may be as high as 65%.

Conflict of interest: The Authors declare no conflict of
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