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Abstract: We present a modeling tool capable of computing carbon dioxide (CO2) fluxes over a
non-uniform boreal peatland. The three-dimensional (3D) hydrodynamic model is based on the “one-
and-a-half” closure scheme of the system of the Reynolds-Averaged Navier–Stokes and continuity
equations. Despite simplifications used in the turbulence description, the model allowed obtaining
the spatial steady-state distribution of the averaged wind velocities and coefficients of turbulent
exchange within the atmospheric surface layer, taking into account the surface heterogeneity. The
spatial pattern of CO2 fluxes within and above a plant canopy is derived using the “diffusion–
reaction–advection” equation. The model was applied to estimate the spatial heterogeneity of CO2

fluxes over a non-uniform boreal ombrotrophic peatland, Staroselsky Moch, in the Tver region of
European Russia. The modeling results showed a significant effect of vegetation heterogeneity on the
spatial pattern of vertical and horizontal wind components and on vertical and horizontal CO2 flux
distributions. Maximal airflow disturbances were detected in the near-surface layer at the windward
and leeward forest edges. The forest edges were also characterized by maximum rates of horizontal
CO2 fluxes. Modeled turbulent CO2 fluxes were compared with the mid-day eddy covariance flux
measurements in the southern part of the peatland. A very good agreement of modeled and measured
fluxes (R2 = 0.86, p < 0.05) was found. Comparisons of the vertical profiles of CO2 fluxes over the
entire peatland area and at the flux tower location showed significant differences between these
fluxes, depending on the prevailing wind direction and the height above the ground.

Keywords: atmospheric CO2 fluxes; three-dimensional (3D) model; vegetation heterogeneity; peat-
land ecosystem; eddy covariance

1. Introduction

The rapidly rising global temperature, changes in precipitation patterns, and the
frequency and severity of extreme weather events are key features of modern climate
changes [1]. Most experts on climate change attribute the current climate changes to
the rapid growth in anthropogenic emissions of greenhouse gases (GHG) into the atmo-
sphere [2,3]. Natural ecosystems, in turn, play a crucial role in regulating concentrations
of GHG in the atmosphere [4]. In particular, on the one hand, they release carbon dioxide
(CO2) into the atmosphere through autotrophic and heterotrophic respiration, and on the
other hand, they absorb CO2 from the atmosphere during photosynthesis. These processes
are governed by numerous abiotic and biotic factors, including various atmospheric param-
eters and the biophysical properties of vegetation and soil [5]. Wetlands are, for example,
an active source of methane (CH4) in the atmosphere. Nitrous oxide (N2O) emitted by soils
may be produced either by denitrification under anoxic conditions or by nitrification in the
presence of oxygen [6]. A reliable understanding of the variability of GHG fluxes in natural
ecosystems is essential for adequately projecting current and future climate change.
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Many experimental methods are currently used to determine the GHG fluxes between
the land surface and the atmosphere [7,8]. Among the various measurement techniques
developed over the last decades, the eddy covariance method is the most widely used in
world practice for flux measurements at the ecosystem level [7]. Despite its wide application
for field studies of GHG fluxes, it has many limitations and requirements [9]. One of the
principal demands of the method is horizontal homogeneity of plant canopy and surface
topography around the measurement tower, which rarely occurs under natural conditions.
GHG fluxes can be underestimated during periods with low turbulence. The application
of airflow models can be beneficial for describing the GHG exchange between the land
surface and the atmosphere when reliable flux measurements are not possible due to
methodological constraints. In particular, three-dimensional (3D) airflow models, which
include transport equations for different compounds, can effectively describe the fluxes of
those compounds between the non-uniform land surface and the atmosphere [10,11]. In
such a way, they help researchers understand when observations are unreliable and need
to be corrected, fill gaps in measurements, and extend flux estimates on an area that is out
of the measurement footprint.

The currently developed models have different levels of complexity and involve
numerous approximations and assumptions [12–16]. The airflow models suitable for de-
scribing the GHG transfer within the atmospheric boundary layer rely on the numerical
solution of the system of Navier–Stokes and continuity equations. To simplify the cal-
culation procedure, most existing models use the Reynolds decomposition to express
atmospheric parameters through its time averages and fluctuating quantities [17]. Addi-
tional equations describing unknown values through high-order moments are usually used
to close the system of averaged equations [18]. The order of moments for which additional
assumptions and equations are applied, including empirical ones, determines the order of
the closure of the equation system [19,20]. The simplest way to close a system of equations
is based on the Boussinesq conjecture, i.e., a turbulent exchange of some quantity is similar
to molecular transport. Therefore, it is assumed to be proportional to a gradient of the
averaged part of this quantity. Even among models applying a simplified approach for
turbulent flux description, considerable differences exist in their complexity regarding
parameterizations of GHG sources from vegetation and soil. Most current models often
simplify parameterizing land surface and vegetation properties, focusing only on the simu-
lation of the atmosphere exchange processes. However, simplifying the exchange processes
at the soil–vegetation–atmosphere interface can lead to uncertainties in ecosystem flux
estimations [21]. Moreover, input parameters determined with insufficient precision can
also lead to some uncertainties in flux estimation, even when using more sophisticated
plant canopy models. In general, more accurate parameterization of the exchange processes
between soil, vegetation, and the atmosphere can significantly improve the accuracy of
model calculations and our understanding of the fundamental mechanisms responsible for
GHG flux variation within the atmospheric boundary layer [22].

The estimation of fluxes from wetlands into the atmosphere is still a difficult task for
several reasons. Besides the challenging logistics for measurements, there are uncertainties
in the interpretation of measurements as there are not many peatlands of sufficiently large
size on which the influence of surrounding landscapes is undetected. Therefore, our work’s
primary purpose was to develop a numerical tool to help interpret experimental data and
improve our understanding of the exchange of compounds between wetlands and the
atmosphere above. The model was designed with the above reasoning in mind and is
a compromise between the physical description accuracy, the input parameters’ quality,
and the computing expenses. The model was applied to describe the spatial variability of
wind speed and CO2 fluxes over a non-uniform forested boreal peatland in southern taiga,
Russia. The difference between the modeled total CO2 flux of the entire peatland area and
the long-term eddy covariance flux measurements in the southern part of the peatland was
quantified to estimate the model’s potential for future practical applications.
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2. Methods
2.1. Field Observations
2.1.1. Experimental Site

The peatland Staroselsky Moch (Figure 1) is located in the sustainable management
zone of the Central Forest Biosphere Reserve (CFBR) in the southwestern part of the Valdai
Hills in the Tver region of Russia, far away from sources of industrial pollution (56.473 N,
33.041 E) [23]. According to the Köppen–Geiger classification scheme, the area has a humid
continental climate (Dfb type) [24]. The total area of the peatland is about 617 ha.
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peatland is Sphagnum dominated with scattered Pinus sylvestris 2–4 m high [25]. 
Sphagnum magellanicum and Sphagnum angustifolium are abundant, with a considerable 
cover of Eriophorum vaginatum and a mosaic of other Sphagnum species including 
Sphagnum balticum, Sphagnum fallax, Sphagnum majus and Sphagnum cuspidatum.  
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Northeast of the peatland are abandoned areas covered by diverse grassy vegetation. 

Figure 1. Geographical location, satellite image, and photo of the study area. The white circle
indicates the location of the eddy covariance flux station.

The peatland is rimmed by flat, poorly drained glacial depression and belongs to
the ombrotrophic type [23]. The surface of the peatland is relatively flat, with a slight
slope to the east (less than 1◦). The central part of the peatland is slightly elevated. The
average peat depth is approximately 4 m, reaching 6 m in some places. The vegetation
of the peatland is Sphagnum dominated with scattered Pinus sylvestris 2–4 m high [25].
Sphagnum magellanicum and Sphagnum angustifolium are abundant, with a considerable
cover of Eriophorum vaginatum and a mosaic of other Sphagnum species including Sphagnum
balticum, Sphagnum fallax, Sphagnum majus and Sphagnum cuspidatum.

The peatland is surrounded by an uneven-aged spruce forest with an admixture of
birch aspen, alder, and pine species. The mean height of the trees is about 20 m. Northeast
of the peatland are abandoned areas covered by diverse grassy vegetation.

2.1.2. Flux Measurements

The eddy covariance flux measuring station is located in the southern part of the
Staroselsky Moch peatland at a site with uniform vegetation cover and more than 300 m
away from the edge of the surrounding forest (Figure 2).

Equipment for meteorological and eddy covariance flux measurements was mounted
at the height of 2.4 m on a 3 m tall steel tripod. The eddy covariance equipment included
an open path CO2/H2O gas analyzer LI-7500A (LI-COR Inc., Lincoln, NE, USA) and a 3D
ultrasonic anemometer CSAT3 (Campbell Scientific, Logan, UT, USA). Eddy covariance
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data were collected at a 10 Hz rate. The net radiation, including incoming and reflected
solar radiation and downward and upward long-wave irradiance, was measured by a
4-component radiometer NR01 (Hukseflux Thermal Sensors, Delft, The Netherlands).

The turbulent fluxes were calculated using EddyPro software (LI-COR, Lincoln, NE,
USA) according to existing data processing guidelines and taking into account all necessary
corrections (e.g., air density correction, corrections for frequency response, de-spiking,
coordinate rotation, de-trending, sonic temperature correction, etc.) [26]. The footprints
were estimated using the model suggested by Kljun et al. [27], and during daylight hours,
they did not exceed 100 m.
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Figure 2. Spatial pattern of the leaf area index (LAI) for the selected modeling domain covering
the Staroselsky Moch peatland and surrounding landscapes. The medium-dashed line shows the
peatland boundary. The short-dashed line shows the boundaries of abandoned lands with grassy
vegetation and open places. The black circle indicates the location of the eddy covariance flux station.
The coordinate system is Universal Transverse Mercator (UTM, 36N).

2.2. Modeling of CO2 Transport in the Atmospheric Boundary Layer

A 3D hydrodynamic model consists of a system of differential equations describing
the airflow pattern within and above a plant canopy, as well as the emission, uptake, and
transfer of CO2 within the atmospheric boundary layer.

2.2.1. Airflow Model

For describing the spatial wind pattern, the Cartesian coordinates (x,y,z) are used in the
modeling domain, with the x axis pointing to the east, the y axis to the north, and the z axis

vertically upwards. We define
→
V = {u, v, w} as the wind flow velocity, where u and v are

horizontal flow components representing projections on the x and y axes, respectively, and

w is the vertical flow component. Using the Reynolds decomposition,
→
V can be expressed

as
→
V =

→
V +

→
V
′
, separating the average component

→
V = {u, v, w} and the fluctuating

component
→
V
′
= {u′, v′, w′} with zero mean value.
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Using the approximation that the air is incompressible, the continuity equation may be

written in form div
→
V = 0, which is also true for the Reynolds decomposition components:

div
→
V = 0 and div

→
V
′
= 0. In the case of neutral atmospheric stratification, the compo-

nents of the average wind flow velocity
→
V satisfy the Reynolds-Averaged Navier–Stokes

(RANS) equation:

∂
→
V

∂t
+

(→
V,∇

)→
V = −1

ρ
∇P−

(
∇,
→
V
′)→

V
′
+
→
F cor +

→
F d +

→
g (1)

where ρ is the average air density, P is the atmospheric pressure,
→
g is the acceleration of

gravity, and
→
F cor and

→
F d are the specific forces of Coriolis and vegetation drag, respectively.

The line above the expression
(
∇,
→
V
′)→

V
′

denotes averaging.

For the specific Coriolis force
→
F cor = −2Ω

→
η ×

→
V, where Ω is the angular speed of

rotation of the Earth (Ω = 7.27·10−5 rad s−1) and
→
η is a unit vector along the Earth’s rotation

axis, the following approximation may be used for the middle latitudes:

→
F cor = { f v, − f u, 0}, f = 2Ω sin φ

where φ is latitude expressed in radians [17–20].
The specific vegetation drag force can be parameterized as follows [28,29]:

→
F d = −cd · PLAD ·

∣∣∣∣→V∣∣∣∣ ·→V
where cd is a dimensionless vegetation drag coefficient, depending on the vegetation struc-
ture and species composition (usually it varies in the range of 0.2–0.6), and
PLAD = PLAD(x, y, z) is the plant area density, which includes both foliage (LAD) and
non-photosynthetic (SAD) parts of plants (branches, trunks). Our study assumes that the
maximum LAD is located in the upper part of the tree crown.

The right side of the averaged Navier–Stokes Equation (1) includes derivatives of

unknown momentum fluxes: u′
→
V
′
, v′
→
V
′
, and w′

→
V
′
. However, by writing differential equa-

tions for these quantities, unknown moments of a higher order appear on their right sides.
To close the system of equations, unknown fluctuating variables have to be parameter-
ized using some physical hypothesis. Our model used the so-called “one-and-a-half”
closure scheme based on a compromise between computational complexity, the model’s
accuracy, and experimental data used for model validation. It uses the Boussinesq hypothe-

sis [13,14,29–31] that the turbulent momentum fluxes u′
→
V
′
, v′
→
V
′

and w′
→
V
′

are “similar” to
diffusion fluxes, and they can be expressed through gradients of mean values analogous to
diffusion fluxes as:

(u′)2 =
2
3

E− 2K
∂u
∂x

, (v′)2 =
2
3

E− 2K
∂v
∂y

, (w′)2 =
2
3

E− 2K
∂w
∂z

,

u′v′ = −K
(

∂u
∂y

+
∂v
∂x

)
, u′w′ = −K

(
∂u
∂z

+
∂w
∂x

)
, v′w′ = −K

(
∂v
∂z

+
∂w
∂y

)
,

where E = 0.5
(
(u′)2 + (v′)2 + (w′)2

)
is the turbulent kinetic energy (TKE) and K is the

turbulent exchange coefficient.
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The key feature of the “one-and-a-half” order closure (or two-equation closure) scheme
is that the coefficient K is calculated using TKE and its dissipation rate ε as follows:

K = CµE2/ε, (2)

where Cµ is a dimensionless numerical parameter and the functions E and ω = ε/E satisfy
the following equations of the “diffusion–reaction–advection” type [15,32,33]:

∂E
∂t

+

(→
V,∇

)
E = div(KE∇E) + PE − ε + SE (3)

∂ω

∂t
+

(→
V,∇

)
ω = div(Kω∇ω) +

ω

E

(
C1

ωPE − C2
ωε
)
+ Sω (4)

In Equation (3) KE is the turbulent coefficient for E, and PE = −
(
→
V
′
(
→
V
′
,∇) ,

→
V

)
is

the shear production of TKE. The term SE describes the air flow interaction with vegetation
elements. It can be written in a canonical form as [34]: SE = Sp − Sd, where Sp is wake pro-
duction and Sd is enhanced dissipation due to interactions with obstacles. The coefficients
KE and Kω are considered to be proportional to the turbulence coefficient K: KE = K/σE,
KE = K/σω.

Unlike Equation (3) for E, which is directly inferred from the Navier–Stokes equa-
tion [35], Equation (4) for the function ω is derived from Equation (3) by the similarity
method [36,37]. The similarity coefficients C1

ω, C2
ω in our model are taken as equal to

0.52 and 0.833, respectively [36]. The numbers σE and σω are equal to each other and are
determined by the following ratio [15]:

σE = σω =
κ2

C1/2
µ (C2

ω − C1
ω)

,

where κ = 0.4 is the Von Kármán constant.
At the plant element scale, the TKE production at the vegetation–wind interaction is

almost balanced by the energy dissipation into heat [15,38]. Therefore, it allows us to assume
that SE = 0. According to Sogachev et al. [15,39], we assumed that Sω = ∆ω ·ω, where

∆ω = 12
√

Cµ

(
C2

ω − C1
ω

)
cdPLAD

∣∣∣∣→V∣∣∣∣.
The parameter Cµ is not a constant and is dependent on the friction velocity u∗ and

standard deviations σ2 of the wind velocity components [31]:

Cµ =

{
0.5
(

σ2
u

u2∗
+

σ2
v

u2∗
+

σ2
w

u2∗

)}−2

.

In many studies, Cµ is assumed to be equal to 0.09 [31]. To take into account its possible
variation and to estimate its influence on spatial wind distribution, the sensitivity of the
model to Cµ values was additionally analyzed (for details, see Supplementary Materials S4).

By dividing the air pressure P into two terms P = P+ δP, where P is the average slowly
changing pressure value and δP is the deviation of air pressure from the average value due
to interaction with vegetation elements, by considering the geostrophic wind components

ug = − 1
ρ f

∂P
∂y

, vg =
1

ρ f
∂P
∂x
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to be known, and by expressing the turbulent momentum fluxes through gradients of
average values, the following system of differential equations of the diffusion–advection
type for the wind flow velocity components is obtained [40,41]:

∂u
∂t +

(→
V,∇

)
u− f

(
v− vg

)
= − ∂

∂x

(
δP
ρ + 2

3 E
)
+ 2 ∂

∂x K ∂u
∂x + ∂

∂y K ∂u
∂y + ∂

∂z K ∂u
∂z +

+ ∂
∂y K ∂v

∂x + ∂
∂z K ∂w

∂x − cdPLAD
∣∣∣∣→V∣∣∣∣u,

(5)

∂v
∂t +

(→
V,∇

)
v + f

(
u− ug

)
= − ∂

∂y

(
δP
ρ + 2

3 E
)
+ ∂

∂x K ∂v
∂x + 2 ∂

∂y K ∂v
∂y + ∂

∂z K ∂v
∂z+

+ ∂
∂x K ∂u

∂y + ∂
∂z K ∂w

∂y − cdPLAD
∣∣∣∣→V∣∣∣∣v,

(6)

∂w
∂t +

(→
V,∇

)
w = − ∂

∂z

(
δP
ρ + 2

3 E
)
+ ∂

∂x K ∂w
∂x + ∂

∂y K ∂w
∂y + 2 ∂

∂z K ∂w
∂z +

+ ∂
∂x K ∂u

∂z + ∂
∂y K ∂v

∂z − cdPLAD
∣∣∣∣→V∣∣∣∣w.

(7)

The system of differential Equations (5)–(7) is interconnected by the continuity equa-

tion div
→
V.

The initial and boundary conditions for the developed 3D exchange models are taken
according to [42] and are described in Supplementary Materials S1 and S2.

At present, many numerical schemes have been developed to solve the incompressible
Navier–Stokes equations [43]. Based on the first-order pressure-correction method [44] and
several modifications [45–48], we have developed a stable numerical scheme for simulating the
wind velocity components and the turbulent coefficient considering vegetation heterogeneities.
The description of our numerical method is presented in Supplementary Materials S3.

2.2.2. Modeling of the CO2 Emission, Uptake, and Turbulent Transfer

The spatial distribution of CO2 concentration C(x, y, z, t) can be derived from the
“diffusion–advection” equation:

∂C
∂t

+

(→
V,∇

)
C = div(KC∇C) + Fb − Fph (8)

where KC is the coefficient of turbulent diffusion for CO2, and Fb and Fph describe the
CO2 sources and sinks, respectively. The model considers the CO2 release from the soil
surface and non-photosynthetic parts of plants (stems, branches), as well as CO2 uptake by
plants during photosynthesis. To describe KC, the model applies a widely used parame-
terization where KC is assumed to be proportional to the coefficient of turbulent exchange
K: KC = K/Sc, where Sc is the Schmidt number [18,19,49]. For Sc in our study, we use the
value Sc = 0.75 [49].

To parameterize the rate of photosynthesis, we used the Ball model [50] in the Learn-
ing modification [51]:

Fph =
LAD

a
(gs − g0)(C− Γ∗)

(
1 +

Ds

D0

)
(9)

where a and D0 are empirical coefficients, gs is the leaf stomatal conductance for CO2, g0 is
the leaf stomatal conductance at the light compensation point, Γ∗ is the CO2 compensation
point, and Ds is the water vapor pressure deficit of the air.

The dependence of stomatal conductance for CO2 on the incoming photosynthetically
active solar radiation (PAR) is parameterized as follows [52]:

gs(PAR) = gmax
s

(
1− e−βsPAR

)
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where gmax
s is the maximum stomatal conductance for the corresponding vegetation type,

and βs is the initial slope of the light response curve. It is assumed that the stomatal
conductance also changes depending on the air temperature and water vapor pressure
deficit [52]. The effect of leaf boundary layer resistance on stomatal conductance was
ignored for simplicity.

The term Fb includes vegetation Fp
b and soil Fs

b respirations: Fb = Fp
b + Fs

b . Both terms
in the model are described using the Arrhenius equation [53] as:

Fp
b =

(
LAD · Rl

re f + SAD · Rs
re f

)
exp

Ea

(
Tp − Tre f

)
<TpTre f

, (10)

Fs
b = δ(z)Rsoil

re f exp

Ea

(
Ts − Tre f

)
<TsTre f

 (11)

where Rl
re f , Rs

re f , Rsoil
re f are the respiration rates of foliage, non-photosynthetic parts of

plants, and soil respectively, at the temperature of Tre f = 298 K (25 ◦C), Tp and Ts are the
temperature of vegetation and soil, Ea is the activation energy, and < is the universal gas
constant. Delta-function δ(z) means that the contribution of soil respiration is not zero only
on the surface.

The solution of Equation (8) under appropriate initial and boundary conditions
(Supplementary Materials S2) allows us to describe the spatial patterns of CO2 concen-
tration within and above a plant canopy and then calculate the turbulent and advective
CO2 fluxes at each grid point within the modeling domain. The turbulent flux is parame-
terized as follows:

→
q

turb
= C′

→
V
′
= −KC∇C

where C′ is an instantaneous deviation of CO2 concentration from its mean values at some
time interval.

For advective fluxes, we use the expressions from [54–56]:

qadv
u =

z+∆z/2∫
z−∆z/2

sgn(u) u
∂C
∂x

dz, qadv
v =

z+∆z/2∫
z−∆z/2

sgn(v) v
∂C
∂y

dz, qadv
w =

z+∆z/2∫
z−∆z/2

sgn(w)w
∂C
∂z

dz

where ∆z is the height interval along which the fluxes are calculated (we used ∆z = 1 m).

2.2.3. Model Initialization and Solution

The selected modeling domain has an area of 60.6 km2 and covers the peatland, adja-
cent forest, and grassland landscapes (Figures 1 and 2). The input vegetation parameters
to run the three-dimensional hydrodynamic model were collected during several field
campaigns and taken from remote sensing data analysis. The boundaries of different plant
communities and plant canopy properties (e.g., species composition, plant height, length
and width of tree crowns, availability and density of understorey, etc.) were obtained from
field surveys. The Normalized Difference Vegetation Index (NDVI) from Landsat 8 was
used to derive the spatial pattern of the Leaf Area Index (LAI) within the peatland and
surrounding landscapes (Figure 2).

The horizontal model grid spacing is 60 m × 60 m. An uneven grid is used along
the vertical axis with a minimum step of 0.09 m near the ground surface and a linearly
growing step with height. The height of the computational domain is 1000 m, and the
maximum step along the vertical axis is 58 m. Summer 2016 was selected for numerical
experiments and the further validation of the modeled CO2 fluxes via the eddy covariance
flux measurements. The selected period is characterized by a minimum number of gaps in
meteorological and CO2 flux measurements. We also assumed in our model experiments
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that the biophysical properties of the vegetation would remain unchanged throughout the
selected summer months.

The required input wind speed and wind direction at the upper boundary of the
selected modeling domain for our numerical experiments were taken from the ERA5 reanal-
ysis dataset (the fifth generation ECMWF atmospheric reanalysis of the global climate) [57].
Incoming solar radiation data were taken from meteorological measurements at the flux
tower installed in the southern part of the peatland. The biophysical properties of the forest
and peatland vegetation were determined during previous experimental studies in the
CFBR or taken from the literature [40,58].

A numerical solution to the problem is carried out using the stable finite-difference
schemes in two steps. First, the initial boundary value problem for the sub-model de-
scribing the spatial distribution of wind flow velocity and turbulent exchange coefficient

is solved. The found spatial distributions of
→
V and K are then used to calculate the con-

centrations of CO2 and its fluxes at different locations within the modeling domain (see
Supplementary Materials S3). Depending on the domain used, the computation takes
about 15 minutes to simulate the spatial wind distribution and 5 minutes to describe the
spatial pattern of CO2 concentration on a single computer core (e.g., Intel CORE i5). The
calculations were made for each day of summer 2016.

Comparisons of the modeled and measured CO2 fluxes were conducted for mid-
summer 2016 using the eddy flux data measured at midday under well-developed turbu-
lence and during periods without precipitation.

The Pearson correlation coefficient was used for estimating a linear correlation be-
tween the modeled and measured fluxes. A p-value less than 0.05 was used to quantify
statistical significance.

3. Results and Discussion

To illustrate the model’s capability to describe wind speed and CO2 flux distribution
over the non-uniform forest peatland, we analyzed in more detail the numerical results
for two selected days (25 June and 28 June 2016). The days are characterized by similar
sunny weather conditions but different wind directions (southwestern and northwestern,
respectively). Mostly sunny weather conditions and similar air temperatures on selected
days have contributed to similar rates of soil respiration and plant photosynthesis. The
southwest wind was the prevailing wind direction in the summer of 2016 (Figure 3). The
northwest wind was less common (observed during polar air mass advection) and was
chosen to quantify the possible effect of surrounding forest landscapes on the spatial
patterns of CO2 fluxes within the study peatland.
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Analysis of the spatial distribution of wind speed and turbulent kinetic energy patterns
can reveal the possible disturbing effects of the surrounding forest canopy on the airflow
pattern over the peatland, particularly on the air flows near the flux tower. We examined
the robustness of model results on CO2 fluxes by comparing them with the eddy covariance
CO2 flux measurements in the southern part of the peatland.

3.1. Spatial Distributions of Wind Speed and Turbulent Kinetic Energy within the Modeling Domain

The results of the numerical experiments showed a substantial variability in wind speed
and turbulence conditions within the modeling domain, mainly governed by the aerody-
namic effects of different vegetation types of various heights and densities (Figures 4 and 5).
The maximum values of vertical velocity (Figures 4a,d and 5a,d) were found on the leeward
and the windward sides of the forest. Over tree crowns (30 m above the ground), they
varied between −0.2 m s−1 on the leeward side and 0.6 m s−1 on the windward side
(Figures 4d and 5d). Near the ground surface (3 m above ground), the vertical velocities
were slightly less (Figures 4a and 5a). The horizontal flow velocity reached maximum
values in open non-forested areas (peatland and abandoned grasslands in the northeastern
part of the modeling domain). Sparse pine woody vegetation with a low leaf area index
(see Figure 2) had no significant effect on vertical and horizontal flow velocities. Minor
variability in flow velocity components was also detected within and above the forest with
almost uniform vegetation structure, and over central parts of peatland and grassland
areas free of woody vegetation. The area around the flux tower, situated away from for-
est edges and peatland woody undergrowth, was characterized by almost uniform wind
speed distribution.

The weak reverse air flow characterizes the leeward sides of the peatland and openings
(not shown). Similar but more intensive reverse air flows at the leeward forest side were
detected in the experimental study conducted at the recently clear-cut area in the CFBR
region [40]. The main differences between the results of our study and [40] are towing to
different tree heights surrounding the peatland and the clear-cut and the presence of the
dense shrub undergrowth at the forest edge around the peatland. Similar results were also
obtained in several previous studies devoted to the effects of forest heterogeneity on spatial
wind distribution [59–62].

The modeled distributions of TKE vary significantly at different heights within the
peatland, surrounding forests, and grasslands. They are mainly caused by vegetation
aerodynamic properties (Figures 4c,f and 5c,f). Maximum TKEs are observed above the
forest, whereas the TKE values over the peatland at the same level above the ground are
generally lower. Local maximums of TKE above the forest are associated with the sites
with sudden changes in vegetation density. In particular, such maximums are detected at
windward forest edges of grasslands outside the peatland in the northeastern part of the
modeling domain. An increase in TKE at the windward forest edge within the peatland
area is not detected. That is because of a smooth change in LAI between the peatland and
surrounding forest caused by the presence of dense shrubs and woody plants undergrowth
at the forest edge.

3.2. Spatial Patterns of CO2 Fluxes within the Modeling Domain

Figures 6 and 7 show the spatial distributions of vertical and horizontal CO2 fluxes
derived as the sum of turbulent and advective flux components at two heights (3 m and
30 m) above the ground surface. At the height of 3 m, almost all the area of the peatland
serves as a sink of CO2 from the atmosphere (up to 5 µmol m−2 s−1) with local maxima
in its northern and southern parts (Figures 6a and 7a). The narrow peripheral zone of
the peatland is a minor source of CO2 in the atmosphere. Near-ground CO2 fluxes inside
the surrounding forest are almost positive (CO2 release into the atmosphere) due to the
low rate of understorey photosynthesis and intensive soil respiration. The maximum CO2
uptake rates are observed at the abandoned grasslands in the northwestern part of the
modeling domain (up to 19 µmol m−2 s−1 regardless of wind direction). Slight differences
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in the air temperature on 25 June 2016 (with a maximum of 24.8 ◦C at 14:00, Figure 6)
and 28 June 2016 (with a maximum of 27.8 ◦C at 13:30, Figure 7) under similar solar
radiation, air temperature and humidity conditions did not significantly affect CO2 fluxes
over the peatland.
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Figure 4. Modeled vertical (a,d) and horizontal (b,e) flow velocity, and turbulent kinetic energy
(c,f) distributions at the heights of 3 (a–c) and 30 (d–f) m above the ground. Calculations were
performed using meteorological data at 14:00 on 25 June 2016. The wind direction at the upper
boundary of the modeling domain is southwest. The medium-dashed line shows the peatland
boundary. The short-dashed line shows the boundaries of abandoned lands with grassy vegetation
and open places. The black circle indicates the location of the eddy covariance flux station. The
negative vertical flow component corresponds to the downward air flows, and positive, to the upward
ones. The coordinate system is Universal Transverse Mercator (UTM, 36N).
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Figure 5. Modeled vertical (a,d) and horizontal (b,e) flow velocity, and turbulent kinetic energy
(c,f) distributions at the heights of 3 (a–c) and 30 (d–f) m above the ground. Calculations were
performed using meteorological data at 13:30 on 28 June 2016. The wind direction at the upper
boundary of the modeling domain is northwest. The medium-dashed line shows the peatland
boundary. The short-dashed line shows the boundaries of abandoned lands with grassy vegetation
and open places. The black circle indicates the location of the eddy covariance flux station. Negative
vertical flow component corresponds to the downward air flows, and positive to the upward ones.
Coordinate system is Universal Transverse Mercator (UTM, 36N).
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Figure 6. Modeled vertical (a,c) and horizontal (b,d) CO2 fluxes (turbulent and advective) at the
heights of 3 (a,b) and 30 (c,d) m above the ground. Calculations were performed using meteorological
data at 14:00 on 25 June 2016. The medium-dashed line shows the peatland boundary. The short-
dashed line shows the boundaries of abandoned lands with grassy vegetation and open places.
The black circle indicates the location of the eddy covariance flux station. The coordinate system is
Universal Transverse Mercator (UTM, 36N).

The horizontal CO2 fluxes within the modeling domain are relatively low and have
maximum values at the boundaries of different vegetation types with different heights and
densities (Figures 6b and 7b). The full magnitude of the horizontal fluxes is about two times
smaller than the maximum values of vertical fluxes at the peatland and up to eight times
smaller than the maximum values of vertical fluxes within the entire modeling domain.
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Figure 7. Modeled vertical (a,c) and horizontal (b,d) CO2 fluxes (turbulent and advective) at the
heights of 3 (a,b) and 30 (c,d) m above the ground. Calculations were performed using meteorological
data at 13:03 on 28 June 2016. The medium-dashed line shows the peatland boundary. The short-
dashed line shows the boundaries of abandoned lands with grassy vegetation and open places.
The black circle indicates the location of the eddy covariance flux station. The coordinate system is
Universal Transverse Mercator (UTM, 36N).

The spatial pattern of vertical and horizontal fluxes in mid-day under sunny summer
weather conditions over the peatland at the height of 30 m shows a strongly non-uniform
distribution. It depends on the prevailing wind direction and differs significantly from the
spatial flux distributions at lower altitudes (Figures 6c,d and 7c,d). Whereas at the height of
3 m over the peatland, the CO2 fluxes vary from−5 to 4 µmol m−2 s−1, at the height of 30 m,
the CO2 fluxes are negative everywhere (CO2 uptake from the atmosphere), and range,
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depending on the wind direction, from −16 to 0 µmol m−2 s−1 (Figures 6c and 7c). The
maximum negative (downward) CO2 fluxes are detected in the northwestern and western
parts of the peatland area. They can be explained by CO2 advection by airflow from the
upwind forest side. Analysis of vertical fluxes shows that the surrounding forest has higher
CO2 uptake rates than the peatland. Above the surrounding forest, the vertical CO2 fluxes
vary between −12 and −26 µmol m−2 s−1, and the flux range is in good agreement with
the vertical CO2 fluxes measured by the eddy covariance technique at the neighboring
experimental forest site [45].

The horizontal CO2 fluxes within the peatland at the height of 30 m are somewhat
higher than those at the height of 3 m and vary from 0.2 to 4.6 µmol m−2 s−1, with maxima
at the forest edges with high horizontal LAI gradients (Figures 6d and 7d). The magnitude
of the horizontal fluxes within the peatland area is about ten times lower than the maximum
values of vertical fluxes.

3.3. Comparison of the Model Simulation and Eddy Covariance CO2 Flux Measurements

Comparisons of the modeled and measured vertical CO2 fluxes conducted for mid-
summer 2016 show a good fit (Figure 8). Both modeled and measured vertical CO2
fluxes are primarily negative (i.e., directed to the surface), indicating that the peatland
serves as a sink of CO2 from the atmosphere in the mid-day summertime. The R-squared
(R2) value between the modeled and measured vertical turbulent fluxes was about 0.86
(p < 0.05). Excluding the cases of non-fully developed turbulence (u* < 0.05) and high
air temperature (higher than 28 ◦C) results in an increase in the R2 value up to 0.95
(p < 0.05). Weak turbulence can be a reason for some CO2 flux underestimations [7]. Some
differences between modeled and measured fluxes may also be related to the simplified
parameterization of soil emissions that rely on soil temperature [11]. Several studies have
analyzed possible uncertainties of the Arrhenius-type dependence on soil respiration under
high soil (air) temperatures [63]. It was shown that the respiration rate could follow the
Gaussian response, increasing with soil temperature up to some thresholds, above which
the respiration rates decrease with further temperature rise. Overestimated ecosystem
respiration due to high air temperatures may be a reason for lower predicted net CO2
uptakes in the mid-day hours in the peatland.
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Figure 8. Comparisons of vertical CO2 fluxes simulated by 3D model and measured by the eddy
covariance technique for summer 2016. Blue points show the cases of flux measurements under
well-developed turbulence and air temperatures below 28 ◦C. Red points show measured fluxes
under friction velocity lower than 0.05 m s−1 or in the case of air temperatures, above 28 ◦C. The red
line is the linear regression for all cases (R2 = 0.86, p < 0.05). The green line is the linear regression for
the blue points (R2 = 0.95, p < 0.05).
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Comparisons of vertical profiles of CO2 fluxes at the eddy covariance measurement
site and over the entire peatland area showed, on the one hand, a very strong vertical
heterogeneity of the CO2 fluxes within the atmospheric surface layer and, on the other hand,
the flux differences between the flux tower location and the entire peatland area (Figure 9).

The vegetation of the peatland is very mosaic, and it is represented by various moss
and grass species. Some areas are covered by rare pine 1–5 m high. Plants of different
species have different rates of photosynthesis and respiration. Soil respiration is also
strongly spatially heterogeneous. All these factors result in the averaged CO2 flux over
the whole peatland space being slightly lower near the ground surface (lower CO2 uptake)
than the corresponding flux at the measuring tower location (Figure 9).

The flux growth with height increase is probably due to CO2 advection by the airflow
from surrounding forests which are characterized by much higher photosynthesis and
CO2 uptake rates (Figure 10). The difference between the vertical profiles of CO2 fluxes
on different days is mainly caused by the various distances between the eddy covariance
measurement site and forest border, which pass the air mass over the peatland under
different wind directions (Figure 10).

The local extremes of the mean CO2 flux over the entire peatland (the red lines in
Figure 9a,b) at 5 m above the surface can be explained by the presence of pine-covered
patches in the peatland. Because of photosynthesis, the absorption of CO2 over these
patches is enhanced inside the canopy space. At the same time, the photosynthesis rate of
understory vegetation is reduced due to shading caused by the presence of trees [64].

Analysis of the sensitivity of the simulation results to the used value of parameter Cµ

showed that despite the significant effect on the spatial pattern of the turbulent exchange
coefficient, the choice of Cµ value has no considerable impact on modeled CO2 fluxes in
the case of flat terrain. Numerical experiments showed that 50% changes in Cµ resulted in
only 6% changes in vertical turbulent CO2 fluxes and 9% changes in advective CO2 fluxes
(although the absolute value is two orders of magnitude less than the turbulent one) in the
central parts of the peatland (see Supplementary Materials S4).
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Figure 9. Modeled vertical profiles: CO2 fluxes at the eddy covariance measurement site in the south-
ern part of the peatland and average CO2 fluxes over the entire peatland area under (a) southwest (25
June 2016 at 14:00) and (b) northwest wind directions (28 June 2016 at 13:30). Green points indicate
the eddy covariance flux measurements at the height of 2 m above the ground.
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Figure 10. Top views and modeled cross-sections of vertical CO2 fluxes along the two directions that
cross the peatland and pass through the flux measurement site: (A) 25 June 2016 at 14:00, (B) 28 June
2016 at 13:30. The grey triangle indicates the location of the eddy covariance flux station. White lines
in the top views indicate the locations of the cross-sections.

4. Conclusions

A 3D hydrodynamic model of the atmospheric boundary layer was developed. Despite
the use of simplifications, the present version of the model has demonstrated an ability
to reasonably describe the spatial distribution of the air flows above the spatially non-
uniform ombrotrophic Staroselsky Moch peatland in the central part of European Russia.
Airflow simulations showed significant heterogeneity in the wind distributions within the
atmospheric surface layer over the peatland and surrounding forest and grasslands. As
expected, the most pronounced changes in vertical and horizontal wind components were
found at the windward and leeward forest edges.

Comparing the modeled fluxes for the central parts of the peatland with eddy covari-
ance flux measurements showed their good agreement. The R-squared value between the
modeled and measured vertical turbulent fluxes was about 0.86 (p < 0.05). Excluding the
cases of non-fully developed turbulence (u* < 0.05) and high air temperature (higher 28 ◦C)
resulted in an increase in the R2 value up to 0.95 (p < 0.05).

The heterogeneity of the vegetation cover within the peatland and the surrounding
landscapes leads to a very uneven distribution of the CO2 flux over the modeling domain.



Atmosphere 2023, 14, 625 18 of 21

The simulated or measured local vertical CO2 fluxes (e.g., by eddy covariance technique) at
some sites within the peatland differed from the mean CO2 fluxes derived for the entire
peatland area. The flux differences depend on the height above the ground, the distance
from the forest edge, and vegetation properties in the upwind direction.

In addition, an analysis of the model sensitivity to the model constants used (particu-
larly to the dimensionless numerical parameter Cµ that is used to describe the turbulent
exchange coefficient) was performed. This analysis showed that, despite the significant
effect of Cµ on the spatial pattern of the turbulent exchange coefficient, its value does not
have a considerable impact on the modeled CO2 fluxes over flat terrain.

Overall, it can be concluded that such 3D models are an effective tool for CO2 flux
up-scaling over non-uniform landscapes. Because of the simplicity of input parameters for
model initialization and low computing cost, the model can be applied as a practical tool to
evaluate the environmental effects of heterogeneous landscapes with mosaic vegetation
and non-uniform distribution patterns of soil resources (e.g., carbon, water, nutrients) on
vertical CO2 fluxes, not only on specific locations but over extensive areas of interest. It can
be applied in a number of ecological tasks, including GHG flux up-scaling from local to
regional scale, estimation of the non-linear effects of different forest management practices
and forest disturbances on GHG uptake and release into the atmosphere, and retrieval
of the GHG fluxes from remote sensing data including satellite and UAV (unmanned
aerial vehicle) observations. To better meet these challenges, the presented model will be
improved by using more complex parameterizations for some biophysical processes in
plant canopy and soil.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14040625/s1. S1: Initial and boundary conditions for the
dynamical part of the model. S2: Initial and boundary conditions for CO2 exchange for the dynamical
part of the model. S3: Numerical solution of the differential equations. S4: Sensitivity of spatial wind
and turbulence patterns to Cµ changes.
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