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COMPUTER SIMULATION OF TEMPERATURE DISTRIBUTION IN THE
FOREST SOIL WITH REGARD TO THE PRESENCE OF A THIN BOUNDARY
LAYER OF FALLEN LEAVES

The article addresses the problem of numerical modeling of
temperature distribution in the soil of forest ecosystems, taking into
account the influence of a thin boundary layer of fallen leaves. This
layer significantly alters the thermal conductivity properties of the
soil, regulating the heat exchange between the atmosphere and the
underlying soil layers. To accurately model the heat exchange
processes, the author modified the boundary condition of the heat
conduction equation, considering the physical characteristics of the
forest litter. The finite difference method was used to solve the
corresponding boundary value problem, allowing the variability of
heat transfer in the soil to be accounted for. Numerical experiments
showed a significant impact of the boundary layer of fallen leaves on
the dynamics of temperature changes, which is crucial for assessing
ecological processes, improving agricultural technologies, and
predicting climate changes. The results obtained can be applied to
enhance the understanding of thermal processes in forest ecosystems
and develop new approaches to ecological monitoring and climate
scenario modeling.

Keywords: modeling of temperature; soil; forest ecosystem;
fallen leaves; thermal insulation; heat transfer; boundary layer; finite
difference method; moisture; temperature regime.

Introduction. The importance of predictive modeling of the state of
soil systems in the presence of thin top layers of other materials is
dictated by several practically important aspects and the undeniable
effects of the influence of such layers on processes in such porous
media. In particular, these are: — biofilters for controlling greenhouse
gas emissions into the atmosphere from the soil; — the use of mulching
in agricultural production; — the use of tillage, in which a layer containing
organic residues of the previous crop is formed on top.
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Under natural conditions, such layers are present as a product of
the ecosystem. In particular, if we take a forest, a layer of fallen leaves
and needles creates a thin boundary layer of porous medium with
thermal properties that differ from those of the soil and atmosphere. As
a result, changes occur in the heat exchange between the soil and the
environment, which can affect the soil temperature regime,
microbiological processes and hydrological characteristics of the soil
profile.

One of the most important areas of use of coatings is their
application in landfills to reduce methane emissions. In [1], it was noted
that the creation of bio-coating systems is a new methodology for
reducing methane (CH,) emissions from landfills. This study examined
the effectiveness of three biosolids systems with different efficiencies in
reducing CH, emissions from three landfills in Denmark. High CH,
oxidation efficiencies of more than 95% were found in all systems except
one biofilter (55%). Emission measurements over the entire site showed
CH; emission reduction efficiencies ranging from 29 to 72% after the
implementation of biosolids systems at the three landfills, indicating
that CH, emission reduction is effective.

Paper [2] actually provides an overview of achievements in landfill
cover systems. It is noted that municipal solid waste (MSW) landfill cover
systems have evolved from simple soil cover to multi-component, nearly
impermeable systems that provide better control over infiltration and
landfill gas (LFG) emissions. Recently, there has been widespread
development of alternative cover systems that address the
disadvantages of conventional cover systems, such as high construction
and maintenance costs, susceptibility to damage due to cracking from
drying and freezing, and ineffective control of LFG emissions. Landfills
are considered the third largest source of anthropogenic methane (CH,)
emissions in the United States.

Paper [3] investigated the potential for methane (CH.) oxidation and
sequestration of residual carbon dioxide (CO;) in a biogeochemical
coating system (BGCC) designed to remove CH,, CO, and hydrogen
sulfide (H,S) from LFG emissions.

In agriculture, coatings also have a significant impact on the
productivity of agricultural systems. Field experiments [4] have shown
that plastic film (PFM) residues can negatively affect soil properties and
yields. At the same time, a study [5] demonstrated that mulching with
PFM and biodegradable film (BFM) increases yields by 35.4% and 28.3%,
respectively, and water use efficiency (WUE) increases by 47.1% and
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35.8%. However, such technologies can have an impact on greenhouse
gas emissions: according to [6], N,O emissions from growing potatoes on
bare soil were 12.32%-41.03% higher than those of soil with film
mulching.

In [7], the results of field experiments on corn fields showed that
film mulching increased cumulative CO, emissions due to an increase in
soil temperature and moisture. Cumulative N.O emissions were reduced
by film mulching. The mulching treatment increased corn yields and
improved the net economic budget of the ecosystem, respectively,
compared to bare land.

Study [8] shows that plastic mulching increases yields and net
economic profit while reducing nitrogen emissions. Study [9]
investigated the effects of plastic mulching on the prospects for
preserving organic carbon in the soil when nutrient residues from
harvesting are returned to the soil. However, the impact of such
technologies on greenhouse gas emissions was not studied there. Such
studies, based on the analysis of 150 sources, on the impact of mulching
on soil organic carbon (SOC) and greenhouse gas emissions are
presented in [10]. The authors note that the impact of mulching on SOC
and greenhouse gas fluxes differed in different agricultural systems.

In addition to affecting yields and gas emissions, coatings change
the temperature regime of the soil. In [11], attention was drawn to
differences in air and soil surface temperatures. It is the possibility of
such differences that is taken into account in the balance boundary
condition [12]. Paper [13] discusses the ROMUL, CENTURY, and
ROTHAMSTED models that describe the dynamics of organic residues
transformation based on the physicochemical processes of humus
formation using differential relations. The results of their practical
application are presented, as well as the strengths and weaknesses of
each model are highlighted.

An interesting study on the importance of soil surface temperature
is presented in [14]. In particular, the authors attempted to trace the
relationship between soil surface temperature and groundwater level.
This study analyzed the impact of soil surface temperature on changes
in groundwater levels in the Bukhara region of Uzbekistan, using data
from 1991 to 2020. The results also show that the strength of the
relationship between solar radiation and soil surface temperature is
very high, with a correlation coefficient of 0.840. The analysis also
showed that 53.5% of the changes in groundwater level were observed
using the regression model, indicating a moderate correlation between
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groundwater level and soil surface temperature. Similarly, work [15]
studies the effect of mulching on soil moisture levels.

Paper [16] shows that mulching with black and transparent plastic
films significantly increases the yield of spring corn (by 20% on average)
compared to bare-soil agricultural technologies. At the same time, [17]
noted that mulching with PFM significantly reduced the content of
organic matter in the soil and significantly increased the two main
greenhouse gas emissions. As a result, film mulching increased the
overall global warming potential by 12-82% compared to no mulching,
regardless of soil amendments. However, at the same time, yields
increased by 8-33%, depending on the conditions. Similarly, [18] showed
that CO, mulching N0 with PFM significantly increased the potential CH,
emissions of CO; and N0 from the soil and contributed to the absorption
of CH, by the soil.

Modeling soil thermal conductivity with a thin boundary layer of
fallen leaves (as an example of a thin layer) is important for a wide
range of applications in agronomy and ecology. Accurate representation
of the soil temperature regime contributes to more efficient planning of
agricultural technologies, such as mulching systems, which help to
preserve moisture, optimize heat transfer and improve yields. In the
environmental context, taking into account forest litter allows us to
assess its role in maintaining microclimate stability, regulating moisture
and biogeochemical processes. In addition, the integration of such
factors into climate models can improve the accuracy of predicting heat
fluxes between the atmosphere and the soil, which is critical for
analyzing climate change and developing effective mitigation measures.

Influence of thermophysical properties of soil and boundary
layer of fallen leaves on the temperature regime of forest ecosystems.
Soil thermal conductivity is a key factor in determining the temperature
regime of forest ecosystems. The presence of a thin boundary layer,
such as fallen leaves, significantly affects the processes of heat
exchange between the atmosphere and the soil.

Various methods and models of soil thermal conductivity [19] take
into account its physical properties, such as moisture content, density,
and particle size distribution. Studies show that the thermal properties
of soils depend on their particle size distribution, moisture [20; 21],
density, porosity [22], and organic matter content. In particular, with
increasing moisture content, thermal conductivity increases, as water
has a higher thermal conductivity compared to the air it displaces from
the pores.
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The presence of a thin boundary layer, such as fallen leaves,
creates additional resistance to heat transfer between the atmosphere
and the soil. This layer acts as a thermal insulator, reducing the rate of
heat transfer and affecting the temperature regime of the upper soil
layers. Studies show that forest plantations reduce the temperature of
the soil surface and reduce the amplitude of its fluctuations compared to
open areas.

Article [23] presents the results of studies that showed that forest
plantations contributed to a decrease in soil temperature. In particular,
the surface temperature decreased by 2.7 and 5.3° C, respectively, the
temperature at a depth of 50 cm decreased by 1.6 and 2.8° C, and the
average temperature of the 0-50 cm layer decreased by 2.5 and 4.5° C,
respectively, compared to the southern zonal chernozem. It was also
found that the southern zonal chernozem is characterized by sharper
temperature fluctuations in the 0-50 cm layer compared to chernozems
under forest plantations. In addition, the influence of forest plantations
on the southern chernozem led to an increase in the thermophysical
characteristics of the upper soil horizons compared to the zonal
southern chernozem.

Problem statement in the physical domain. Consider the soil layer
f1 (Fig. 1). Above, in contact with the atmosphere, there is a thin

boundary layer {1z, the thermophysical characteristics of which differ
from those of the soil in the f1region [12]. It is necessary to build a

mathematical model of temperature changes in the soil layer, taking into
account the presence of a thin boundary layer, and to study the effect of
such a layer on differences in temperature distribution.

Atmosphere
x=0_
9] ﬂa
x =0,
Q
[
L J x

Fig. 1. A soil mass {} with a thin top layer {};
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Mathematical model of the problem. The mathematical model,
when neglecting heat sources, will be described by the following
boundary value problem for the heat conduction equation

aT(x,t) @ 8T (x, t) T (x, 1)
T E(A[T]T) TPGUT X en=(0;1)t =0.(1)
T(I,I‘]h.:u = T[:-[x)r xell= [0;1], (2)
| =Tl 3
dx de '’

= ]

T hnm

Here ¢, = (pc,8 +pc,0, + c.p.(1 —6 —a,)) is the volumetric heat
capacity of the porous medium; ¢_is the specific heat capacity of the
porous medium skeleton; p_is the density of the porous medium
skeleton; @ is the relative humidity; g, is the relative air content in the
porous medium; p_ is the density of air; ¢_ is the specific heat capacity of
air; A is the thermal conductivity coefficient of the porous medium; pis
the density of the pore fluid; c, is the specific heat capacity of the pore

fluid; T is the temperature; u is the filtration rate of the pore fluid, which
in this problem is considered a given function; 1;(T)is the thermal

conductivity coefficient of the boundary layer material; T_ is the

temperature of the atmospheric air above the boundary layer. Condition
(3) is a balance boundary condition in the presence of a thin layer and
was derived in [12].

Finite difference method. Let us cover the region

_ —in.m) )

@, = [0:1] % [0;¢] with a wuniform grid @, = [0;nh] X [0;mr] with
steps h and t respectively, in the variable x and time t, where nis the
number of steps in the spatial variable, m1 is the number of steps in time.

To discretize equation (1), we use a monotone difference scheme
[24]. As a result, we obtain the following finite difference analog of the

differential equation (1)
(j+1)
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Similarly to [24], it can be shown that the differential operators of
equation (1) are approximated by the difference operator (5) at any point

t;)EQ, ™ i =T1,m—1,j=0,m— 1 with an accuracy of O(r + k%)

provided that there exist continuous partial derivatives 2 r:' BE;I}, aa:_'_:' nd
=|"-:| E |-:|

piecewise continuous bounded derivatives rycalirw
T(x,t), as well as under the condition of the existence of continuous

@i} A% (=)

and piecewise continuous bounded derivatives =

(x;

of the function

total derivatives

of the function A and derivatives ';—r:' of the functions 4, ::—j

The system of linear algebraic equations (5) is linear with respect
to the desired values of the function T'(x,t).

To find the temperature T(x,t) from the system of linear algebraic

equations (5), we use the method of running [23]. To do this, we write
this equation in the running form

(F+1) -}+1} Gt _ (i)
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The conditions [c;| = |a;| + [b;] of run stability are met.
The temperature value at the time layer (j + 1) is consistently found

using the following relation

|_-_|-|-J_]| [j+1)
T‘z @iz T:+J. + ﬁii-l-lJI

(6)

where
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For the initial conditions (2), we obtain the following finite
difference analogs
7' =Ty(ih), i=0,n. 7)
Let us approximate the boundary condition (3). Consider the
expression
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From the above expression we get
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Thus, from the boundary condition (3), we obtain its approximation
with an accuracy of O(1 + k%)
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So, using the run method, we obtained the expressions for a,, 53,.

Results of numerical experiments. To evaluate the effect of a thin
boundary layer of fallen leaves on the temperature distribution in the
forest soil, numerical experiments were conducted using a thermal
conductivity model that takes into account the thermal properties of the

177



Cepis «TexHi4Hi HayKn»
Bunyck 1(109) 2025 p.
soil and the presence of organic cover [25; 26].

The calculations were performed for different seasonal conditions
and soil moisture, taking into account changes in atmospheric
temperature. The initial atmospheric temperature used in the
experiments was 20° C.

For numerical experiments, the following parameter values were

set,1=cl,4?£ and A; =u,2£(Fig. 2, Fig. 3). For Figure 4, the
following thermal conductivity values were used: A; =l],2r’—i_, clay

A= IJ,ES%. peat 4 = l],lSﬁ, sand 4 = D,%Tﬁ. Based on the numerical

experiments (Fig. 2, Fig. 3, Fig. 4), it was found that the presence of a
thin boundary layer of fallen leaves significantly affects the soil
temperature regime. For all depths, temperature curves with the
presence of leaves show a lower rate of soil heating compared to areas
without leaves. The most significant difference is observed in the upper
layers (0.2-0.6 m), where fallen leaves act as a heat-insulating layer,
reducing the rate of heat transfer from the atmosphere to the soil. In the
deeper layers (0.8-1.0 m), the insulation effect gradually decreases, but
the temperature in these horizons is still slightly lower in cases with
leaves. This confirms the hypothesis that fallen leaves play a key role in
regulating soil temperature in forest ecosystems.

Heatmap without leaf layer Heatmap with leaf layer

0.2

Depth im)
0.6 04

Depth {m)
0.6

0.8

10

1 3 5 T 9 11 13 15 17 19 21 23 25 27 29 1 3 5 7 8 11 13 15 17 19 21 23 25 27 29
Days Days

Fig. 2. Heat maps of temperature distribution in sand soil with and without
fallen leaves
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Fig. 3. Influence of the boundary layer of fallen leaves in loamy sand soil on soil
temperature changes
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Depth {m)
0.4
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10,784

Clay Peat Sand
Ground Type

Fig. 4. Temperature distribution in different soil types on the 10th day of
modeling in the presence of a thin layer

The following parameters were used for Figure 5: 4 = ﬂ,éHﬁ, dry
oak leaves i; = ﬂ,ﬂﬂi, wet oak leaves Az = (],131, pine needles
mE mi

Aﬁ-=ﬂ,ﬂ5£, birch leaves Jla=ﬂ,1£. For Figure 6 oak leaves
mi mE

Az = ﬂ,ﬂﬂﬁ. Figures (Fig. 5, Fig. 6) show the results of modeling the

temperature change along the depth of the sandy loam soil depending
on the type and thickness of the boundary layer of fallen leaves. As can
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be seen, different types of leaves demonstrate variations in the thermal
insulation effect, which affects the temperature of the upper soil layers.
Increasing the thickness of the leaf layer also helps to reduce heat loss,
which is consistent with the established relationship between the
parameters of the boundary layer and its insulating effect.

154 — Dry Oak Leaves {0.2m)

Wet Oak Leaves (0.2m) :
— Pine Needles {0.2m) .

149 — girch Leaves (0.2m)

134

12 4

11

10 4

Average Temperature (°C)

T T T T T
1] 5 10 15 20 25 30
Days

Fig. 5. Changes in loamy sand soil temperature under different types of fallen
leaves

—— 0Dak Leaves (0.1m)

Oak Leaves (0.2m)
—— 0ak Leaves (0.3m)
— Oak Leaves (0.4m)

14 4

12 4

10 A

Average Temperature (*C)

0 5 10 15 20 25 30
Davs

Fig. 6. Changes in soil temperature in loamy sand with different thicknesses of
fallen oak leaves

Figure 7 illustrates the average soil temperature in the presence of
oak leaves with different moisture levels. Numerical experiments
revealed that the thermal conductivity of the organic layer significantly
influences the soil temperature dynamics.
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To model this dependency, the thermal conductivity (1) was

assumed to be a function of soil volumetric water content (8), using an

interpolation between the dry and saturated thermal conductivities [27]:
A8) = Agpy + (Mogy — Ry )(8/6.)°5,

where A ... represents the thermal conductivity of dry oak leaves and

A

Fat

dry
corresponds to that of fully saturated leaves and g, is saturated
water content. This approach accounts for the gradual increase in
thermal conductivity with moisture content, reflecting the reduced
insulating properties of wet leaves.

The results indicate that wetter oak leaves lead to higher soil
temperatures, as their increased thermal conductivity allows more
efficient heat transfer from the atmosphere to the soil. In contrast, dry
oak leaves act as a stronger insulator, reducing heat penetration and
leading to lower soil temperatures. Under the wettest conditions, the soil
temperature closely follows atmospheric temperature variations,
whereas the dry leaf layer maintains a cooler soil environment.

These findings highlight the importance of considering the
moisture content of the organic layer when predicting the thermal
regime of forest soils. Neglecting this factor could lead to significant
inaccuracies in modeling soil temperature dynamics, particularly in
ecosystems with substantial organic cover.

15 :
— Diry Oak Leaves {(0.2m) u
Wet Oak Leaves (0.2m) a e
14 1 — Moderately Wet Dak Leaves (0.2m) f_.f--’"'# —

13 A

12 1

11 1

10 A

Average Temperature (°C)

E.'l 5 l.ICI .'LIE 2I-:} 25 30
Cays
Fig. 7. Temperature variation with different moisture levels of oak leaves
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The results obtained can be used to improve models for predicting
the temperature regime of forest ecosystems, as well as for
environmental planning and management of forest resources.

Conclusion. The article deals with the problem of modeling the
temperature distribution in the soil of a forest ecosystem, taking into
account the influence of a thin boundary layer of fallen leaves. To build a
mathematical model of heat transfer, the boundary conditions of the
heat conduction equation were modified, which allowed us to take into
account the physical characteristics of the forest floor and its thermal
insulation properties.

Numerical solutions obtained using the finite difference method
showed a significant influence of the layer of fallen leaves on the soil
temperature regime. It was found that the presence of leaves reduces
the rate of soil heating, especially in the upper layers, where fallen
leaves act as a thermal insulation layer. This reduces the rate of heat
transfer from the atmosphere to the soil and ensures a more stable
temperature in these layers.

The analysis of the results of numerical experiments also showed
that the thickness and moisture content of the boundary layer have a
significant impact on soil temperature. Increasing the thickness of the
leaf layer reduces heat loss, which confirms the relationship between
the layer parameters and its insulating effect. Wet leaves reduce
thermal insulation properties, which causes an increase in soil
temperature compared to dry leaves.

The results emphasize the importance of taking into account heat
and moisture exchange in modeling the temperature regime of forest
soil. This allows for more accurate predictions of temperature dynamics,
which is important for ecological research, agricultural technology, and
climate change forecasting in forest ecosystems.
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Wocrtak JI. B., acnipant (HauioHanbHW yHiBEepcUTET BOAHOIO
rocnopapcTea Ta NPUPOAOKOPUCTYBaHHSA, M. PiBHe)

KOMIT'OTEPHE MOAEJIIOBAHHS PO3MOATY TEMNEPATYPU B I'PYHTI
JIICY 3 YPAXYBAHHAM HAABHOCTI TOHKOIo NPMMEXXOBOIO LUAPY
OMAJIOro JINCTA

Y cTaTTi po3rnsiHyTO 3aA4a4vy YMCeNbHOro MOAENIOBaHHSA po3noainy
TeMnepatypum B I'PYHTI JliCOBOI €KOCMCTEMM 3 ypaxyBaHHAM BMJIUBY
TOHKOro NMPMMEXKO0BOro wapy onanoro nucts. Llen wap 3Ha4yHo 3MiHI0OE
TenaonpoBigHi BNACTUBOCTI FPYHTY, PeryjalwlyuM TennoobMiH Mix
atmocdeporo i niacTUNaAKYMMM WapaMu FPYHTY. [Ana yTO4YHEHoro
MoaesiloBaHHSA npoueciB Tensioo6MiHy aBTop MoaudiKyBana rpaHUYHy
YyMOBY ANA piBHAHHA TerJIONPOBIAHOCTI, BpaxoBywu4un i3nyHI
XapaKTepUCTUKN NCOBOI NiACTUNKKU. 3apna po3B'A3aHHA BiANOBiIAHOI
KpanoBoOi 3apjadi BUKOPUCTAHO MeTOA CKiHYeHHUX Pi3HUUb, WO
AO03BOJISIE BpaxyBaTU BapiaTUBHICTb Tennonepeaayi B rpyHTi. YucenbHi
eKCNepuMeHTU NoKa3sasiu 3Ha4YHUN BMNJIUB NMPUMEXKOBOIO LIapy onasnoro
JINCTA HA AMHAMIKY TeMNepaTypHUX 3MiH, WO € BAXK/IMBMM ANS OLiIHKU
€KOJIOriYHUX npouecis, YAOCKOHaJNeHHSA arpoTexHosNOorin Ta
NPOrHO3yBaHHA KANIMaTUYHUX 3MiH B FpyHTi. OTpuMMaHi pe3ynbTatn
MOXXYTb OyTM 3acTOCOBaHi ANA MNOKPALWEeHHA PO3YMiHHA TennoBUX
npoueciB y nicCoOBMX eKocucTeMax i PO3BUTKY HOBMX nigxopis Ao
€KOJI0riYHOro MOHITOPUHIry Ta MOAEJIIOBAHHA KNiIMaTUYHUX CLLeHaPIIB.

Knro4oBi cnosa: MopenwBaHHA TeMnepatypu; [FpPYyHT;, JnicoBa
eKocucteMa; onane JINCTA; Tennoi3onsauis;  Tensonepenauda;
NPUMEXXOBMM  WApP; MeToA  CKIHYEeHHUX  Pi3HUMUb;  BOJIOFICTb;
TEeMNepaTypHUMN PEeXKUM.
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