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INTRODUCTION

Clean air is essential in life, but the development

ABSTRACT

The vegetation canopy's height and characteristics directly affect the
turbulence that controls the exchange of mass and energy between the
vegetation and the surrounding atmosphere. Turbulence also controls the
momentum transfer towards the mass-carrying plant canopy and the
accompanying atmospheric properties so that vegetation can contribute to
pollutant deposition. This study aims to estimate the canopy capacity of oil
palms to absorb pollutants based on their momentum transfer, the influence
of atmospheric stability dynamics, and rainy and dry periods upon absorbed
pollutants from PTPN VI in Jambi province for the period of January to
December 2015 used micrometeorological observation data. The results
showed that the dry deposition capacity value at the stable, neutral, and
unstable atmospheric conditions were 2.06 x 1073 kg/m?, 3.50 x 10 kg/m?,
and 4.35 x 103 kg/m?, respectively. The stable or unstable conditions affected
the momentum transfer through decreasing or increasing turbulence. In
stable conditions, the cooling of the atmosphere impacts the turbulence to
be restrained. The result also showed that the dry deposition capacity during
the dry and rainy periods were 4.5 x 103 kg/m? and 2.9 x 103 kg/m?
respectively. Further, atmospheric conditions tended to be unstable during
the dry period, while the rainy period tended to be stable. This research
showed that the momentum transfer method can estimate gas type
pollutants by vegetation.

KEYWORDS
atmospheric stability, dry deposition capacity, momentum transfer, pollutants,
turbulence

(Saptwan et al, 2019). According to the Jambi
Provincial Forestry Service, forest and land fires in
Jambi Province in 2015 reached 19,528 hectares

of air quality in Indonesia has decreased in relation to
city development, due to the increasing number of
transportation, industries, as well as due to
environmental issues such as forest and land fires.
Forest fires are one of the severe problems in the case
of air pollution in Indonesia (Hein et al., 2022). One of
Indonesia's regions with the potential for forest fires is
Sumatera Island which has a relatively large forest area
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(Supriyanto et al, 2018). Forest and land fires can
cause significant changes in ambient air quality due to
the large number of pollutants produced. The number
of pollutants in the air can be reduced by biological
mechanisms through vegetation absorption (Diener
and Mudu, 2021; Mandal et al., 2023).

Vegetation can reduce concentration of pollu-
tants in the air through the absorption mechanism of
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Figure 1. Research sites in PT Perkebunan Nusantara VI Batang Hari, Jambi.

gas pollutants and the absorption of particles (Diener
and Mudu, 2021). The process of gas absorption by
plants occurs mainly on the surface of the canopy
(Desyana et al.,, 2017; Gardner et al., 1991). We use oil
palm as our study case in The type of plant. Jambi
Province is among the top ten Indonesian palm oil
producing provinces in terms of area and production
(Saragih et al., 2020). Oil palm plants have a canopy
consisting of spiral-shaped fronds, and their numbers
follow the Fibonacci sequence with the shape of
compound leaves (Husin et al., 2020). The height and
canopy characteristics of oil palm plants directly
influence the plant canopy's turbulence level and its
capacity to absorb air mass (Hardwick et al. 2015).

The air mass and energy exchange between oil
palm plants and the atmosphere are influenced by the
turbulence above and within the plant canopy (June et
al. 2018; Hong et al., 2002). The transfer of mass from
the atmosphere to vegetation that occurs due to
turbulence is called momentum transfer (Barahimi and
Sui, 2023; Yi, 2008). The magnitude of the momentum
(air mass) displaced by each unit of area is a function
of the drag coefficient and wind speed. The higher the
drag coefficient and wind speed, the higher the
momentum value transferred from the airflow to the
vegetation canopy (June et al, 2018). Momentum
transfer analysis is the central concept used in this
study to estimate the ability of the oil palm canopy to
absorb pollutants and to determine the effect of the
dynamics of atmospheric stability and the impact of
the dry and rainy periods on the ability of oil palm
plants to absorb pollutants.

RESEARCH METHODS

Study Area

The study area of this research was PT
Perkebunan Nusantara VI Batang Hari, Jambi Province,
Indonesia (Figure 1). Geographically, PTPN VI Batang
Hari Jambi Province is located in sub-plot 23
(01°41'35.0" S and 103°23'29.0"E) with a land area of
2,025 hectares (June et al.,, 2018).

Data Source

This study used observational data of weather
variances from the micrometeorology tower at PTPN
VI Batang Hari, Jambi, for the period of January to
December 2015 in the form of air temperature data
and air humidity at altitudes of 12.3 m, 16.3 m, and 22
m, wind speed data at heights of 13 m, 154 m, and
18.5 m, rainfall and air pressure data.

Atmospheric Stability Analysis

Atmospheric stability conditions were
determined using Richardson number (Ri) calculations
in Equation (1) (Newman and Klein, 2014) and average
virtual potential temperature (K) in Equation (2).

a0v

Ri = % )
Gva(a)

Ova = 0v(zT1)+0v(zT2)+ - +0V(ZTH) (2)

n

There g was the acceleration of gravity (9.8 m s?),
z was the measurement height value in meters, 06v/0z
and 0du/0z were the potential virtual temperature
gradient (km™"), and the wind speed gradient (s™"), 6 and
Bv potential temperature (K) and the virtual potential
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Table 1. Classification of atmospheric stability, stability parameter (7), universal function for momentum, and
stability function for wind profile based on Ri value.

Classification Stable Neutral Unstable
Stability parameter (7) ‘= Ri =0 ¢ =Ri
1— (5R)’
for 0.01 < Ri< 0.1
(= 0.2,forRi > 0.1
Dimensionless wind shear om@ = (1+(50) om() =1 om@ = (1 - (150)—0.25
ém (9)
Stab.ility function for wind ¥Ym(() = -6.0¢ ¥Ym(Q =0 Wm(@ = In [(1 + x2> (1 + x>z] tan-lx
profiles 2 2
N I
2

x = (1—19.37)°25

temperature (K) (Equation 3 and 4). The value of the
potential virtual temperature was determined by first
calculating the value of potential temperature (8) (Stull,
1988), specific humidity (q) (Equation 5), actual water
vapor pressure (e) (Equation 6), and saturated water
vapor pressure (es) (Equation 7) (Riegel, 1992). Value of
eso = 0.611 mbar was the vapor pressure of saturated
water at 0°C, p was air pressure (mbar), RH(z) was
relative humidity (%) and rd = -0.00976 km™" was dry
adiabatic lapse rate (June et al., 2018).

0=T(z)— I'dz 3)
Bv =0 (1 + (0.61q)) (4)
= osres Q
- Rggs (6)
e, = €5y exp (%) (7)

Atmospheric Stability Analysis

Correction of atmospheric stability needed to be
done for wind profile analysis and surface flux in non-
neutral atmospheric conditions (stable and unstable
conditions) (Monin and Yaglom, 1971). Stability
correction was carried out using the Monin-Obukhov
Stability Parameter correction factor (¢ or z-d/L).
Monin-Obukhov values were determined based on the
gradient value of Richardson number (Ri) (Hartogensis
and bruin, 2005). Ri < -0.01 refers to unstable
condition, -0.01 < Ri < 0.01 neutral condition, and Ri
> 0.01 stable condition (Table 1). In applying the
aerodynamic method, the atmospheric stability
conditions were strongly influenced by wind shear
(Hostlag et al., 2012).

Roughness Characteristics
Parameters of zero-plane displacement (d),
roughness length (zo), and friction velocity (u*) were
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determined based on the logarithmic equation of wind
profiles at various altitudes (Kimura et al., 1999; Yuhao
et al, 2007). Zero-plane displacement (d) and
roughness length (zo) were functions of surface
roughness (June, 2022). Surface roughness parameters
were determined under neutral atmospheric
conditions. This neutral condition can represent the
value of roughness in all atmospheric stability
conditions (Tsai et al., 2005).

Generally, the average wind speed u(z) increased
linearly with concerning In (z-d). The value of d (zero-
plane displacement) (Equation 9) was analyzed
aerodynamically using the value of do (initial zero-
plane displacement) and the value of a (wind speed)
(Equation 10) (Riou, 1984). do (zero-plane initial
displacement) was calculated using Equation 8 (Oke,
1987), h was the average height of oil palm plantations,
Au was the difference in wind speed at the heights of
z» and z;, and Au’ was the difference in wind speed at
altitude zz and z».

d =Zh (8)
[2(82) 24 ]es
= Au\? (9)
a?(5) -1
i)
[(z3—do)(z2—dp)]~%
= 200 (10)
In(22=50)

[(zz—do)(z1—-d)] =%

A simple regression model determined roughness
length (zo) parameters and friction velocity in the plant
canopy (u*). The value of such parameters was
determined using the linear relationship between u(z)
and In (z-d) at a point (Equation 11), where u(z) was
the x-axis and In (z - d) was the y-axis (Yanlian et al.,
2006). Then produce the equation Slope = k/u'.
Parameter values zo and u* were calculated using
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Equations (13) and (14). Where k = 0.4 was the Von
Karman constant, ¢m (¢) was the universal function for
wind shear (Table 1), and Wm (7) was the wind profile
stability function.

In (z — 3d) = slope u(z) + Intercept (11)
. k
40" = Siope om(® (12)
zo = exp (Intercept + ¥Ym(Q)) (13)
" k (z—d) du
= e (a4

Transfer Momentum

The calculation of momentum transfer in this
study used the aerodynamic method. Aerodynamic
methods directly measure fluctuations in vertical wind
speed at several heights. The momentum transfer in
various atmospheric stability conditions can be
calculated using Equation (15) and (16) (Arya, 1999).
where p = 1.2 kgm~3 was the air density, and du/dz was
the wind speed gradient.

k (z—d) u*(2)

K = onw (15
T =pKy - (16)

Z

Dry Deposition Capacity

The capacity of plants to absorb pollutants was
quantified using aerodynamic methods based on
momentum transfer analysis. The transfer of pollutants
from the air to the plant canopy was called dry
deposition. The deposition of pollutants in the dry
deposition process was influenced by the force of
gravity (Xinga and Brimblecombe, 2019). This study

also estimated the dry deposition capacity of
pollutants at various heights of oil palm plantations
(Equation 17).

Dry deposition capacity = Tg (17)

Determination of Dry and Rainy Period

The dry and rainy periods were determined based
on monthly rainfall data using the Schmidt-Ferguson
classification. The Schmidt-Ferguson classification was
carried out by calculating the average number of dry
months and the average rainy months. Based on the
Schmidt-Ferguson classification, months with a rain
amount of less than 60 mm were dry months. In
comparison, the month with a rain amount greater
than 100 mm was rainy.

RESULTS AND DISCUSSION

Atmospheric Stability

Atmospheric stability in research sites showed
stable conditions at night, unstable during the day,
and neutral conditions in the morning (Figure 2).
Unstable atmospheric conditions during the day were
due to a significant degree of turbulence caused by
the positive vertical heat fluxes of the soil surface.
Meanwhile, stable atmospheric conditions that
occured at night were caused by zero or minimal heat
fluxes, reducing the influence of turbulence (Bardal et
al, 2018). The Richardson number was a parameter
that represents the relative value of the wind shear and
buoyancy in generating turbulence (Rodrigo et al.,
2015).
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Figure 2.  The diurnal plot of Richardson Number (red solid line) and Monin-obukhov (blue solid line) on oil palm

land in 2015.
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Figure 3. Diurnal plot of (a) momentum transfer (green solid line) and wind speed (yellow solid line), and (b)
momentum transfer and Richardson numbers (red solid line) on oil palm land in 2015.

Atmospheric stability values on oil palm lands
were range from 0.07 to 0.4 in stable conditions and
-0.09 to -0.9 in unstable atmospheric conditions
(Figure 2). The average value of the Richardson
Number at a stable state was more than 0.25,
indicating a transition from turbulent to laminar flow
(Galperin et al, 2007). Correction of atmospheric
stability used the theory of the Monin-Obukhov
equation needed to be carried out to analyze wind
profiles and surface fluxes at non-neutral atmospheric
conditions (Monin and Yaglom, 1971). Monin-
Obukhov's theory, in general, can be used if the
surface was uniform and horizontal. The contour of
research sites, was relatively flat. The type of plant that
was planted uniformly was an oil palm with the same
height and spacing so that it met the requirements for
using the Monin-Obukhov theory. The Richardson
Number and Monin-Obukhov results showed the
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same pattern in unstable atmospheric conditions. In
stable conditions, Richardso Number value tended to
be higher than Monin-Obukhov value (Figure 2).

Table 2. Atmospheric stability during the dry period
and rain on oil palm land in 2015.

. . Atmospheric
Period Ri Average Stability
Dry period -0.1407 Unstable
Rainy period 1.2939 Stable

The average value of the Richardson Number in
the dry period was -0.1407, while in the rainy period, it
was 1.2939. Atmospheric stability conditions in the dry
period tended to be unstable, while in the rainy period,
atmospheric stability conditions tended to be stable
(Table 2). The dry and rainy periods were determined
based on the monthly distribution of precipitation in
2015. The dry period was from June to September and
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Figure 4.
rainy periods on oil palm land in 2015.

and the rainy period was from January to April. The
magnitude of heat flux influences atmospheric stability
patterns due to solar insolation and terrestrial
radiation (Edokpa and Nwagbara, 2017). The value of
the heat flux in the dry period was higher, causing the
turbulence to increased. Increased turbulence causes
the atmosphere to be in an unstable state. In the rainy
period, atmospheric conditions tended to be stable
because the heat flux value tended to be lower,
causing turbulence to be suppressed. The atmosphere
in stable conditions generally occured when there was
rain with low intensity or after the occurrence of rain
(HR and Thakur, 2020; Zhen-li, 2016).

Momentum Transfer
The momentum transfer value on oil palm land in
2015 increased in the morning to noon with a

The daily plot of rainfall (blue bar) and momentum transfer (green solid line) in (a) dry periods, and (b)

maximum value of 0.056 N/m? and decreased at night
with a minimum value of 0.012 N/m? (Figure 3a). The
relationship between momentum transfer and wind
speed was showed in Figure 3a. Wind affected the
mass, momentum, and material transfer process
between the atmosphere and the vegetation canopy.
Momentum transfer and wind speed had a positive
relationship where the value of momentum transfer
increases with the increasing wind speed. This
condition occured because the amount of momentum
(air masses) moved by each area unit was a function of
the drag coefficient and wind speed. The higher the
drag coefficient and wind speed, the higher the
momentum value transferred from the airflow to the
vegetation canopy. Wind speed and momentum
transfer reached a maximum during the day when the
wind speed was on average 1.95 m/s and a minimum
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Figure 5. The diurnal plot of dry deposition capacity of oil palm plantations in 2015.

at night when the wind speed was 0.95 m/s. The wind
speed during the day was higher due to the decrease
in air density due to the warming of the air near the
surface so that the air was easier to move (Riegel,
1992).

The atmospheric stability condition affected the
value of the momentum transferred from the airflow
toward the vegetation canopy. The momentum
transfer value increased in unstable atmospheric
conditions, i.e., in the morning to noon, and decreased
in stable atmospheric conditions i.e., at night (Figure
3b). At night (stable atmospheric conditions), the
atmosphere cools down so that turbulence tended to
be restrained, caused the vertical displacement of
momentum to be very low (Paulson, 1970). Conversely,
during the daytime, when the convective boundary
layer  (unstable atmospheric conditions), the
turbulence becomed strong so that the momentum
transfer will increased.

The daily pattern of momentum transfers on oil
palm land in 2015 had diverse fluctuations, ranging
from low to high. The momentum transfer value in the
dry period (Figure 4a) was higher than in the rainy
period (Figure 4b). The amount of precipitation had no
direct effect on the transfer of momentum. However,
the conditions of atmospheric stability on rainy days
and non-rainy affected the magnitude of the
momentum transfer. The greater the sun's intensity in
the dry period it will increase the convective mixing so

that the turbulence on the surface becomes strong
(Edokpa and Nwagbara, 2017). The high turbulence
led to a high momentum transfer. Conversely, on rainy
days the atmosphere tended to be stable (Table 2), so
restrained turbulence can causes lower momentum
transfer.

Dry Deposition Capacity

The value of dry deposition capacity indicated the
magnitude of the air masses conducted towards the
plant canopy. Such air masses contain particles and
gaseous pollutants. The dry deposition capacity value
indicated the capacity to absorb pollutants, not the
actual value of pollutants that plants can absorb. The
dry deposition capacity increases from morning to
noon with a maximum value of 5.3 x 10-3 kg/m? and
decreases at night with a minimum value of 1.26 103,
Conversely, in stable atmospheric conditions at kg/m?
(Figure 5). The average values of dry deposition
capacity under stable, neutral, and unstable
atmospheric conditions were 2.06 x 103 kg/m?, 3.50 x
103 kg/m? and 4.35 x 103 kg/m2 In unstable
atmospheric conditions during the day, the dry
deposition capacity will increased because the
turbulence increases. night, the turbulence weakens so
that the absorption capacity by plants or dry
deposition capacity was lower. The momentum
transfer coefficient in the dry period (June-September)
was higher than in the rainy period (January-April) in

Table 3. Average dry deposition capacity for dry and rainy periods in oil palm plantations in 2015.

M
Period u (m/s) u* (m/s) (m2/s) 1t (N/m?) Dry Deposition Capacity (kg/m?)
Dry period 1.3661 0.2315 0.6894 0.0437 45x1073
Rainy period 1.2768 0.1956 0.4622 0.0288 29x 1073
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Table 4. Estimated dry deposition capacity at various heights of oil palm plantations.

h (m) d (m) Zo (M) KM (m?/s) t (N/m?) Dry Deposition Capacity (kg/m?)
2 1.4 0.182 0.048 0.00288 0.2939 x 1073
4 2.8 0.364 0.096 0.00613 0.6264 x 1073
6 4.2 0.546 0.144 0.00946 0.9663 x 1073
8 5.6 0.728 0.192 0.01293 1.3194 x 1073
10 7 0.91 0.24 0.01748 1.7844 x 1073
12 8.4 1.092 0.288 0.02211 2.2570 x 1073

Table 3. The average wind speed in the dry period was
more significant than in the rainy period. In dry periods,
the friction velocity was higher, indicating that the
shear stress was more meaningful and triggered more
excellent turbulence production, so the momentum
transfer in the dry period was more significant than in
the rainy period. The high turbulence caused the air
masses passing through the plant canopy to be
trapped inside the canopy. The particles and pollutant
gases in these air masses were also trapped in the
canopy during deposition. Conversly in rainy period,
the intensity of turbulance decreases, caused particles
and pollutant gases trapped in the plant canopy also to
be low so that the dry deposition capacity was lower in
the rainy period.

Estimated of dry deposition capacity by oil palm
crops at various plant heights were shown in Table 3.
Zero-plane displacement (d) and roughness length (zo)
can be estimated by taking into account the height of
the plant canopy (h) (Kimura et al. 1999). Zero-plane
displacement (d) was 0.667 of the plant height (Oke,
1987). The value of d was then used to guess the value
of the roughness length (zo). The value of the wind
speed gradient (du/dz) was estimated from the value
of du/dz in all three atmospheric conditions, namely
stable, neutral and unstable. The minimum du/dz value
was the du/dz value in stable conditions, while the
maximum du/dz value was the du/dz value in unstable
conditions. The value of z used to determine the
momentum transfer coefficient was 1.3 of the height of
the plant canopy. The value was the lower limit of the
inertial sublayer, where the measurement value
indicates the overall average.

Zero-plane displacement (d) increases as plant
height increases (Table 4). In addition to the height and
density of the plant, the mechanical sturdiness of the
vegetation stem also defines the displacement height
where the wind speed was close to zero (June et al.,
2018). Plant height of 2 meters can be at the age of 1.5-
2 years, for a plant height of 12 meters obtained at the
age of 7-8 years in medium oil palm plant types
(Yudistina et al., 2013). The canopy of oil palm plants
with a height of 2 meters had a lower roughness length
(zo) value than plants with a height of 12 meters (Table

4). The roughness length (zo) value indicated a position
where momentum was well absorbed by the absorp-
tion element (June et al,, 2018). Plants with a height of
12 meters had a higher momentum transfer because
the higher the plant, the canopy distance between
plants will be smaller, and the momentum absorption
area will be more significant. Therefore, the absorption
capacity of dry deposition by oil palm plants also
increases as the plant grows in height (age). The large
canopy surface area of leaves, stems, and branches and
the air turbulence created by the plant structure, the
more effective in absorbing pollutants rather than
shorter vegetation (Lovett, 1994; Powe and Willis, 2004).

CONCLUSIONS

The momentum transfer analysis could be used to
estimate the capacity of vegetation to absorb
pollutants. The dry deposition capacity value indicated
the ability to absorb pollutants (in the deposition
process), not the actual value of pollutants that plants
can absorb. Dry deposition capacity increased in
unstable atmospheric conditions (afternoon) due to
increased turbulence. Meanwhile, the plant absorption
capacity got lower when turbulence reduced in a stable
atmosphere at night. The value of dry deposition
capacity in the dry period was 4.5 x 10-3 kg/m? and in
the rainy period was 2.9 10-3 kg/m2. During the dry
period, atmospheric conditions were more unstable,
and atmospheric conditions were more stable during
the rainy period. Because there was no vertical
oscillation in the atmosphere when it was stable, the
absorption capacity of plants was reduced. The
absorption capacity value by plants with a height of 2
meters was 0.29 x 10-3 kg/m? and a height of 12
meters was 2.2 x 10-3 kg/m2 The increase in plant
height, the higher the value of dry deposition capacity
by oil palm plants because the higher the plant, the
smaller the canopy distance between plants, so the
momen-tum absorption area will be more significant.
This research showed that mature oil palm plantation,
managed sustainably with higher leaf area and total
biomass will act as a pollutant absorber from the
surrounding area and hence contribute to cleaner air.
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