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Abstract: Integrating green spaces into urban designs and planning for ecosystem services
has become vital; however, in creating these spaces, the growth phase is often overlooked.
This study provides insight into the changing energy and carbon dioxide (CO,) fluxes in
a developing forest, “The Forestias” project in Thailand. The eddy covariance technique
was applied to determine real-time surface energies and CO, fluxes from December 2021
to September 2023. The results suggest that under fast growing conditions of the green
areas, the diurnal latent energy flux corresponded with the area gained. This effect was
supported by increasing evapotranspiration through the byproduct of canopy gas exchange.
Consequently, the influence of green areas on lowering the average ambient temperature
compared with the urban non-green surroundings was observed. In terms of CO, flux
dynamics, the increasing efficacy of photosynthesis was parallel with the growing forest
canopy. Changes in flux dynamics due to urban green areas show their potential as
a mitigation tool for moderating ambient air temperatures. Moreover, they can serve
as a carbon sink within tropical cities and provide a pivotal contribution in reaching
carbon neutrality.

Keywords: carbon dioxide flux; eddy covariance system; urban forest; urban heat; urban
surface energy balance

1. Introduction

The growing need for urban green areas has raised the societal demand for real estate
and urban developers to promote the well-being of residents, minimize negative impacts on
the environment, and contribute to global sustainability goals towards net-zero emissions
and carbon neutrality.

Thailand is strongly encouraging the construction of green real estate, a commercial
development model that adopts green building ideas and combines them with real es-
tate development. Theoretically, the established green areas are treated as local climate
controllers, providing the uptake of local atmospheric carbon dioxide (CO,) and thus
becoming a carbon sink. The release of water vapor through evapotranspiration (ET)
supports an increase in latent heat (LE) and controls the different heat fluxes that regulate
ambient temperature. Heat flux control has become increasingly important considering the
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climate-change-dependent ambient temperatures and observed linkage between extreme
temperatures and mortality [1]. Surface energy balance and CO; flux are pivotal factors
driving natural phenomena, such as the water cycle, carbon cycle, and meteorological con-
ditions [2]. However, the rapid expansion of cities due to population growth and economic
development has considerably shifted land use. Green areas, such as agriculture, wetlands,
and groves, are being replaced by buildings, roads, and various structures. This transforma-
tion contributes significantly to the urban heat island phenomenon, prompting increased
energy consumption in urban areas and a consequent rise in city air temperatures [3-5].

The surge in urban air temperatures can be explained through the principle of surface
energy balance, particularly concerning the release of greenhouse gases, predominantly
CO;, flux, in tropical areas such as Thailand due to irradiation. The received solar radiation
energy can be allocated to three main activities: LE energy in water evaporation, heat energy
stored in the soil, and energy used in metabolism [6,7]. The increase in impervious surfaces
such as buildings and roads diminishes water evaporation, directing energy towards air
heating and consequently elevating ambient air temperatures. This transition also affects
the release of CO, from human activities (anthropogenic sources) coinciding with urban
lifestyles.

Green area technology, known for its influence on increasing LE through water evap-
oration and CO; fixation via ET and plant photosynthesis, is a principle or technology
applied to address such challenges. It aims to balance energy and CO; levels in urban areas
by considering physical, biological, and human resource utilization [8].

Studies on the movement of CO, and energy balance have revealed that green spaces
mitigate the impact of the urban heat island effect, contributing to the population’s comfort
and lowering surrounding temperatures, even beyond the factual area covered by trees [9].

This phenomenon, termed the urban greenspace cooling effect, has been reported
recently, demonstrating that the best results have been observed in urban parks with an
area of 10 ha [10]. Furthermore, urban carbon sequestration studies suggest that higher and
larger trees often provide better sequestration rates than shrubs and lawns [11]. However,
these urban green spaces usually indicate a significantly lower sequestration rates when
compared with that of natural forests. While these problems are well-quantified in many
high-latitude cities, knowledge regarding effects of tropical urban green areas is still rather
limited. This study aims to provide quantified findings regarding this issue and help to
describe the spatial correlations of land use carbon emissions with inter-regional economic
interactions and transportation factors for the development of future cities [12], thus
providing supporting information for strategic planning in managing carbon emissions.

The present research describes a scientific and systematic study conducted on-site
on the Forestias Project in Bangna, Thailand. This study was designed to obtain reliable
evidence regarding the local environmental impacts on energy balance and CO, fluxes by
applying the eddy covariance (EC) technique aiming to quantify the potential of urban
green space for sequestering carbon dioxide. The EC technique is considered a repre-
sentative micrometeorological method in carbon cycle studies. All measurements were
performed inside an area named the “Deep Forest”. In addition, the progress in plant
growth within the Deep Forest linked to the in situ measurement of changing energy fluxes
was studied, covering the spatial and temporal forestry characteristics from the seeding
stage in December 2021 until September 2023.

2. Materials and Methods
2.1. Study Site and Measured Forest Parameters

The study site was located in the middle of the Forestias Project, a mixed-usage zone
consisting of residential areas covering over 636,800 m? that includes hospitals, hotels,
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shopping centers, industrial houses, and condos. The surroundings can be best described
applying the land use and land cover map utilizing the Normalized Different Vegetation
Index (NDVI) in describing the areas of forest and built-up areas (Figure 1). Within the
Forestias Project, a central area of 6000 m? was designated as the natural zone of the Deep
Forest, in which fast-growing vegetation was planted following the methodology suggested
by Miyawaki [13].

Normalized Difference Vegetation Index (NDVI)

NDVI

- High 0.78

002 o4 08
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Figure 1. Normalized Difference Vegetation Index (NDVI) image generated from Landsat 8 cloud-free
composite images.

The following steps were employed in this study: (1) employment of four layers of
plants; (2) planting of native species, including Toona ciliata, Oroxylum indicum, Spathodea
campanulate, and Albicia procera; (3) determination of the plant density of the four species
per square meter, and (4) covering the base of trees after planting with rice straw or other
organic materials aimed at reducing water loss in the soil.

The Deep Forest is characterized by the coexistence of different evergreen and decidu-
ous forest species. In an annual measurement plan for all planted species, these three main
parameters were considered: (1) tree density, (2) average tree height, and (3) diameter at
breast height (DBH). For trees with a height below 1.3 m, the root collar diameter (RCD)
was determined. These forest parameters were measured on site during the period as the
flux measurement campaign.

2.2. EC Technique

This study utilized eddy covariance (EC) techniques, comprising the Campbell Sci-
entific Open-Path Eddy Covariance (OPEC), an IRGASON infrared gas analyzer (IRGA),
and 3D sonic (SON) systems to measure CO, density (mg m~3), which takes into account
the 3-dimensional wind gradient in the calculation of the CO, flux, H,O density (g m~3),
sensible heat (H) and LE fluxes (W m~2), and momentum flux between the atmosphere
and the Earth’s surface, obtaining the net radiation (Rn) shown in Equation (1) and Table 1.
A fast-response three-dimensional sonic anemometer (CSAT3) measured the wind speed,
wind direction, temperature, and ambient humidity. The obtained data enabled the compu-
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tation of the H and LE fluxes. The momentum flux was acquired with a temporal resolution
of 10 Hz using Easy Flux DL (Campbell Scientific, Logan, UT, USA). For the calculation of
the surface energy balance, all determined heat fluxes were considered:

Rn=LE+H+G @)

The EC system was mounted on a tower positioned 15 m above ground level. Notably,
the average height of the trees in the Deep Forest was 3.1 m as of September 2023. This
signifies the importance of the tower height being approximately five times higher than
the average canopy height, which is shown later using a modelling approach. With
respect to the local microclimate measurements, the net radiation was also bidirectionally
monitored for short-wave and long-wave irradiances (downward long-wave and short-
wave radiation and upward long-wave and short-wave radiation). Photosynthesis-active
radiation (PAR) was measured to assess the absorption ability of plants with respect to CO,
flux. Furthermore, in addition to the flux assessment above the ground surface, the flux
below the ground was also measured with the ground heat flux plate and soil humidity
sensor to calculate the ground heat flux.

Table 1. Equipment used in the study and their measured parameters.

Instrument Model Data Collected Unit
Sensible heat flux W m~—2
3D Sonic anemometer Latent heat flux W m—2
Wind speed and direction m s~ ! and degrees
CO, density mg m~3
Infrared analyzer (IRGASON) H,0 density gm™3
CO; and HyO eddy 3D movement mgm~2s!
SQ110 PAR sensor Photosynthesis active radiation mmol m—2 51
Short-wave radiation upward and downward W m—2
NRO1 . 2
A-wav net radi " Long-wave radiation upward and downward Wm
y net radiometer
Temperature K
Temperature probe Ambient temperature °C
Soil heat flux Ground heat flux Wm—2
.  1s -1
Soil humidity and temperature Soil humidity dSOm
Temperature C
. Friction velocity ms~!
Other metrological measurements .
Ambient pressure kPa

2.3. Data Collection Periods—Dry and Wet Seasons

The study period (December 2021-September 2023) was divided into phases corre-
sponding to the two weather seasons, covering the typical climate patterns of Thailand: the
dry and wet seasons. The rationale for this approach was to observe the seasonal impacts
on surface energy and CO, fluxes.

The months of December through February are considered the dry season in Thailand
based on the volume and average frequency of rainfall. The available climate data from the
Kasetsart University Meteorology Department showed that the 30-year cumulative annual
(1993-2023) averages of the rainfall during January and February were 9.1 and 9.7 mm,
respectively. The dry season provides favorable measuring conditions that limit the noise
in the data by reducing the interference caused by rainfall. Additionally, dry and cooler
periods often exhibit a more stable surface boundary layer [14,15].

September and October are representative of the wet season in Thailand. Data available
from the Meteorology Department showed that the aggregated average 30-year rainfall
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was 344.2 and 241.6 mm for 21 and 17 rainy days, respectively. Therefore, the measurement
periods were planned according to the seasons, with the specific times and locations
detailed in Table 2.

Table 2. Seasonal measurement periods in the Deep Forest.

Data Acquisition Time (Duration in Days) Season
(1) December 2021 (14) Dry
(2) October 2022 (14) Wet
(3) February 2023 (14) Dry
(4) September 2023 (14) Wet

Measurements were conducted continuously for each period between 16 and 27 d.
However, owing to occasional missing data during the measurement times, periods of 14 d
with complete datasets were selected for this study. This was performed following the
reasoning suggested in analogous studies [16], which showed that based on the comparison
of seasonal averages for 200 sites and 1500 site-years of forest data globally, a 95% confi-
dence interval was calculated when periods of 6-11, 8-14, 10-15, and 15-23 d were used
for gross primary productivity, ecosystem respiration, LE flux, and H flux, respectively.
Consequently, the chosen period of 14 d for the determination of CO, flux and surface
energy balance was suitable and representative for this study.

3. Results and Discussion
3.1. Flux Footprint Prediction (FFP)

Energy flux measurements from towers provide single-point information. To assess
the significance of the location of a measuring system, FFP models are often used to
portray the spatial coverage of the surface area by considering the surface characteristics.
These characteristics usually influence the turbulent flux measurements under specific
atmospheric conditions at a given time. Hence, FFP modelling has gained popularity as an
important tool in local and remote studies on the interaction between surface properties
and energy fluxes [17].

Data were acquired using the described experimental arrangement at a rate of 10 Hz.
The half-hourly averaged data were then derived from the postprocessing program. These
values were used to calculate the FFP based on a previously described 2D model [18];
(http:/ /footprint.kljun.net). The FFP analysis for the Deep Forest reveals that the areas
covered by the footprint included the forest pavilion (north) as well as some small areas
of the current construction site. With 90% of the data footprint being within the scale
of the Deep Forest area, the collected data evidently fell within the desired spatial scale.
Considering the land classification scheme [19], 45.5-53.1% of the footprint coverage fell
within the defined land use of the green areas. Quantification of the positive impact
of developing urban green areas and the flux footprint of the areas beyond the “Deep
Forest” provide the influence of the anthropogenic (construction) areas that have to be
accounted for in the addition of CO; into the ambient concentration values. This uncertainty
frequently results from the actual setting of urban green areas, where it is inevitable to
include anthropogenic activities (Figures 1 and 2).
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Figure 2. Results obtained from the flux footprint prediction in meters over the Deep Forest, with
the coverage area of The Forestias shown depending on the time of the year: (a) December 2021;
(b) October 2022; (c) February 2023; (d) September 2023.

3.2. Forest Characteristics

The temporal development of the Deep Forest was examined annually regarding the
surface tree density, average tree height, and the diameter at the breast height (DBH). In
cases where tree height was less than 1.3 m, the root collar diameter (RCD) was measured.
The height, DBH, and RCD increased from the initial planting stage in 2021 to a recent
measurement in September 2023. This increase can be explained by the uptake of nutrients,
including carbon, nitrogen, and other micronutrients from the soil and atmosphere, by
the forest for growth in terms of both height and diameter. However, tree density would
eventually decrease owing to forest secession and plant competition driven by the need for
light for photosynthesis. With decreasing density, canopy coverage increased. This increase
is expected to result in changes in the ET rate, supporting a higher rate of gas exchange
in the leaves and thus promoting higher LE and CO, sequestration rates within the forest
zone.

Table 3 summarizes the progress of plant growth in the Deep Forest area of The
Forestias from the beginning of the planning phase until September 2023.
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Table 3. Deep Forest growth measurements.
Year

Parameter Unit 2021 2022 2023 Difference

. —0.54

2
Density Number of trees per square meter (tree/m~) 2.27 2.10 1.73 (decreased)
Height Centimeter (cm) 6028 14199  310.0 24972

(increased)

DBH/RCM Centimeter (cm) 0.76 155 2.68 _+1.92
(increased)

3.3. Surface Energy Balance

Forest structure complexity is an important factor in the promotion of ET because it
enhances the trapping of water vapor within the forest layers, which contributes to the
increase in LE heat flux within the study area. The obtained results were evaluated by
considering the temporal availability of the data. Therefore, different time steps were
taken depending on the data used. Comparing the heat flux changes from December
2021 to September 2023, noticeable growth was observed in the Deep Forest trees, both in
DBH and height. This growth contributes to an increase in the leaf area index and crown
coverage [20], signifying a greater presence of leaves driven by competition for light as
a key factor in the photosynthesis process. Consequently, changes in the canopy layers
are likely to increase the ET rate. This is because water vapor is released through stomata
as a byproduct of photosynthesis. Seasonal effects were present, in which the dry period
resulted in a lower ET, as has been reported for lowland dipterocarp forests [21]. In this
research, the ET was calculated based on the gap-filled data of the EasyFlux Program,
showing a rate of 2.63 in 2021 to 3.82 mm d ! in 2023, respectively [22].

The measurement of ET in forested areas can be viewed as a key component of surface
water heat transfer. As the forest expands, its complexity aids in regulating water balance.
The intricate canopy coverage resulting from decreased density, coupled with increased
height and DBH, contributed to this complexity. Figure 3 demonstrates that during the
wet period, the LE was notably higher owing to increased water vapor availability during
the rainy season in Thailand. However, the overall trend showed that the net radiation
remained relatively constant throughout the measurement period. The increase in LE
within the Deep Forest, coupled with the decrease in H, illustrates the impact of green
areas [23] also observed that an increase in crown cover promotes higher ET, which in turn
increases the water vapor content within the forest area, resulting in a larger LE flux. This
is in agreement with other studies [24], in which urban energy balance data derived from
the cities of London, Basel, and Heraklion showed that LE was highest in vegetated areas,
as moisture advection enhanced LE flux and reduced H.
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Figure 3. Surface energy balance fluxes in the Deep Forest, The Forestias.

The linkage of LE to the forest ecosystem via photosynthesis, which involves CO,
absorption into the leaf and the subsequent release of water vapor into the atmosphere,
leads to an increase in LE in the surrounding areas [25]. This increase was evident in the
measured LE flux, which increased from a diurnal average of 22% in 2021 to 37% in 2023 in
the dry period and 27% in 2022 to 39% in 2023 in the wet period. Figure 3 shows the changes
in the energy balance. However, in an urban environment, the magnitude of LE is still
lower than that in a rural or natural setting, in which the LE is much higher within the same
tropical zones. The increase in LE can be further explained by forest growth, suggesting that
a higher release of water vapor is related to canopy complexity, as suggested by ref. [26], in
which differences among canopy surfaces also generated cooler temperatures supported
by LE. The results from a similar study in Manchester also found that mature trees have
a significant impact on the urban surface temperature, with the results indicating that an
increase in mature tree density (5%) reduces the surface temperature by 0.5-1.0 °C [27].

Considering the observed overall energy conversion, the average temperature of the
Deep Forest zone was found to decrease from an average of 29.6 °C in 2021 to 27.3 and
28.5 °C during the dry and wet seasons of 2023, respectively. Similar results were also
shown in a study conducted in Seoul [28], with the conclusion that small green spaces
with an area of 300 and 650 m? can result in a 1-2 °C temperature reduction. Furthermore,
ref. [29] found that the enhanced heat transport efficiency achieved through park creation
in Sakai, Japan decreased daytime surface temperatures by 3.9-4.9 and 0.1-0.6 °C during
the night-time. The greatest contribution to daytime surface cooling was achieved in the
summer months, when the temperature gradient was the greatest between urban and green
areas.

The energy balance ratio = (LE + H)/(Rn — G) was calculated, in which LE and
H are the latent and sensible heat fluxes, Rn represents the net radiation, and G is the
ground heat flux. The slope values were found to decrease from 1.41, 1.03, 0.96, and 0.91
during the timespan from 2021 to 2023 (Figure 4). This indicates that the turbulent heat
fluxes decreased, reflecting that the study contained more available energy, which in these
circumstances reflects the land use, referring to canopy storage or photosynthetic heat flux.
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However, in urban applications, differences in the closure ratio are often referred to as the
remaining energy from storage and anthropogenic heat fluxes, which in urban settings are
often converted into H and later promote an increase in temperature [30]. According to
the acquired data, the decrease in these fluxes was influenced by the increasing dominance
and maturity of the Deep Forest area. This shift indicates an increase in LE flux as part of
the increasing ET rates as well as in the ground heat flux, which is attributed to the forest
floor holding more water owing to natural microbial activities playing a crucial part in the
nutrient cycle that supports the growing forest.
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Figure 4. Surface energy relationship in the Deep Forest, The Forestias.

Because of the relationship with the anthropogenic heat fluxes (Qs), an increase in
green areas would provide a higher LE flux, which helps the overall energy balance and
decreases the gap within the energy closure ratio. This change plays an important role in
the implementation of green areas in urban environments [31,32]. In relation to the rising
concerns of urban heat island intensity translated into Q, the outdoor comfort temperature
was suggested to be in the range of 23.1-31.0 °C [31]. The progression trends exhibited by
the Deep Forest can be further studied in terms of its impacts on the surface temperature of
the entire project area.

3.4. CO; Flux Changes

The changes in CO, fluxes in the Deep Forest from December 2021 to September 2023
are shown in Figure 5, demonstrating the temporal increase in the CO, flux. Not only did
the downward flux peak become stronger, but the area with negative CO, flux expanded.
The average diurnal CO, flux increased from 3.19 to —3.02 to —5.99 to —6.11 pumol m~2 s~!
in 2023, thereby regarding the Deep Forest site as a carbon sink. This negative increase
could be attributed to the growth in the Deep Forest. The parallel increase in tree diameter
with the DBH, LAI, and crown canopy coverage facilitates higher gas exchange due to an

increased leaf area available for exchange [33-36].
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Figure 5. CO; flux changes in the Deep Forest, The Forestias.

Furthermore, the decrease in density is also an indicator that the forest is reaching
its maturity, as succession lowers the density of the forest and increases the crown cover
convergence as a result of the larger tree canopy. This increases the CO, flux within the
Deep Forest [37]. An extrapolation of the area’s ability to sequester CO, is shown in
Figure 6, showing the CO; flux and photosynthesis photon flux density (PPDF) or the light
energy in the wavelength used for the photosynthesis process. The temporal changes were
seen as an increase in negative flux with increasing PPDEF, indicating that the ability to
sequester CO, increased [35,38]. This was then confirmed with the slope and the R2 values
that increased with the time in which the forest grew (Figure 6) [39].

The diurnal effects were the result of biogenic and anthropogenic forcings, influencing
the fluctuation of CO, within the site; the Deep Forest data showed a similar trend as
the natural site, with the negative flux being dominant during the daytime, while night-
time fluxes revealed a higher positive flux, similar to that found in urban settings, as the
measurement site is surrounded by background CO; [40,41].

Seasonal effects were observed in the wet season of 2023, showing higher CO, seques-
tration and higher photosynthetic rates of the forest canopy, in accordance with favorable
growing conditions. The effects of increased LE (Figure 3) were influenced by increased
soil moisture and more stable temperatures with lower uncertainties in the wet period
compared with that in the dry period [42—44].

Despite the differences in measurements between the different dry and wet periods,
the daily VPD did not differ. The daily VPD of the Deep Forest in 2023 ranged from 0.02
to 2.72 kPa, with the highest values observed during the wet period. The measured VPD
was related to the forest because of stomatal conductance and sensitivity, in which the gas
exchange process was inhibited. This was found in relation with the soil water content
being 0.51 and 0.34 in the wet and dry period of 2023, respectively. Thus, a high VPD allows
for higher gas exchange rates; however, a low soil water content often results in a decrease
in ET, suggesting stomatal closure [21].
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In comparing the Deep Forest data with the study of an urban park [45], the di-
urnal course during the vegetation period exhibited negative daytime fluxes up to
—10.0 pmol m~2 s~!, with a mean of 0.8 umol m~—2 s~!; park sector fluxes were slightly
positive, as suggested from a flux influence of the surrounding urban land cover. These
fluxes were attributed to biogenic and anthropogenic CO; sources [46]. In Beijing, China,
during the mid-day in summer, a CO, uptake of —0.034 mg m~2 s~ ! indicated that vegeta-
tion is an important sink of CO, [47]. In the Deep Forest, the negative average flux was
attributed to the location being surrounded by residential land use.
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Figure 6. CO; flux and photosynthetic photon flux density in the Deep Forest, The Forestias.

4. Conclusions

During the restoration of an urban green area into an urban forest, the establishment
of the Deep Forest zone within The Forestias Project area revealed that the forest that
was nearing maturity resembled a natural forest-like area. However, the intensity of
the carbon sink and the energy balance showed an influence from local anthropogenic
activities, which promoted the release of excess CO, and heat. The data acquired from
the EC measurements revealed that an increase in LE flux lowered the H flux along with
the increase in average latent heat flux from 22% in 2021 to 37% in 2023, thus reducing
the EBR closure value. These processes resulted in lower ambient temperatures, while the
expanding canopy coverage and its complexity directly influenced the increased CO; flux
sequestration. In terms of CO, flux dynamics, the increasing efficacy of photosynthesis
was parallel to the growing forest canopy, with the CO, diurnal flux rate increasing from
3.19 in the year 2021 to —6.11 umol m~2 s~! in 2023. Monitoring of the developing forest
allowed flux data correlation with changes in forest density, tree height, and tree diameter.
The continuation of presented measurements is crucial to better understand the observed
positive trend of the tropical urban forest system, which should be viewed as long-term
research on CO, absorption regulating the carbon cycle. Further improvement of the
measurement accuracies and the temporal increase in data acquisition would provide
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a deeper understanding of annual flux changes and seasonal variability of urban green
spaces contributing to the carbon cycle.

Establishing and refining the Deep Forest area to mimic nature will not only provide
nature-like carbon and energy ratio dynamics, but the continuation of these efforts will
also support the overall area of The Forestias or similar development projects as sites for
better urban biodiversity and well-being. Moreover, these steps would improve the local
urban climate as well. This research can be viewed as a fundamental study that reveals
the environmental impacts and role of integrating green areas into urban structures and
potentially provides recommendations for urban development in tropical locations towards
reaching carbon neutrality.
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