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Urban green infrastructure (GI) plays a crucial role in improving air quality by removing pollutants and reducing
emissions from structures. However, in Ethiopia, inadequate GI planning, largely due to limited awareness
among planners and policymakers, can undermine the benefits of GI and worsen urban air quality issues. In this
study, we demonstrate how the GI strategy approach can enhance air quality and assess the negative impacts of
biogenic volatile organic compounds (BVOCs) emitted by certain tree species in Ethiopia, using Hawassa as a
case study. We utilized a customized i-Tree Eco model to estimate annual pollutant removal and BVOC emissions
and applied the Kriging method in ArcGIS to map their spatial distribution. In Hawassa, GI systems removed
274.2 t of pollutants annually, valued at $1.79 million, with SO, being the most and CO the least removed
pollutants. Air pollution removal was highest during the dry season (37.4%) compared to the long (29.7%) and
short rainy seasons (32.9%). Conversely, trees emitted 35.78 t of BVOCs annually, with monoterpene and
isoprene being nearly equal contributors. Eucalyptus genus, Casuarina equisetifolia, and Schinus molle species
were the top BVOC emitters despite their low population percentages in the study area. While GI types such as
urban parks and institutional compounds are effective at pollutant removal, they also exhibit higher BVOC
emissions. Our findings highlight the need for optimized species selection, improved GI planning, and enhanced
policy support to maximize GI effectiveness, providing valuable insights for planners and policymakers in
integrating GI into urban spatial planning.

1. Introduction

Over the next three decades, the world will experience continued
urbanization, with the urban population projected to grow from 56% in
2021 to 68% by 2050, adding 2.2 billion population (United Nations
Human Settlements Programme, 2022). This rapid urbanization, driven
largely by economic opportunities, has led to increased urban expan-
sion, which has significant environmental consequences, including air
quality degradation. Despite occupying only 3% of Earth’s land surface
(Kim, 2018), cities are among the human-modified systems responsible
for global air pollution. As cities grow and human activities intensify, air
pollutants such as carbon monoxide (CO), ozone (O3), sulfur oxides
(SOy), nitrogen oxides (NO,), and particulate matter (PM)) with a
diameter >2.5 pm (PM2.5) and <10 pm (PM10) are primarily emitted
by human activities, leading to the deteriorating urban air quality.
Pollutant concentration levels in urban centers often exceed the World
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Health Organization’s (WHO) air quality guidelines, posing serious risks
to human health (McMichael, 2000). As a result, air pollution contrib-
utes to approximately 7 million premature deaths annually, with 4.5
million directly attributed to it and the rest linked to indirect factors
(Ouyang et al., 2022). Although no country globally meets the WHO’s
air quality guideline standards, indicating a widespread health risk
(Hewitt et al., 2020), the problem is particularly acute in the Global
South (Ouyang et al., 2022) due to a high number of private vehicles and
inadequate waste management practices (Amegah & Agyei-Mensah,
2017).

In response to these challenges, integrating Green Infrastructure (GI)
into urban areas has emerged as a crucial strategy for improving air
quality and mitigating pollution. Urban GI systems refer to strategically
planned natural and semi-natural areas, including parks, gardens, for-
ests, green roofs/walls, river-side green spaces, street trees, and insti-
tutional compounds, designed to provide multiple benefits (European
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Union, 2013; Fairbrass et al., 2018). By integrating GI into urban
landscapes, cities can effectively improve air quality through various
mechanisms. For example, plants primarily absorb gaseous pollutants
through their leaf stomata, with some being intercepted on plant sur-
faces (Hewitt et al., 2020). In addition, PM settles on leaf surfaces where
they may either be absorbed or undergo reactions with other com-
pounds, resulting in the removal of these pollutants (Bottalico et al.,
2016). Urban trees are particularly effective at reducing O3 and SO,
during the daytime in the growing season when trees are actively
transpiring water, whereas trees remove PM and CO both day and night,
throughout the entire year, because these pollutants are captured by
their leaves and bark (Nowak et al., 2018a,b).

However, it is important to note that urban trees also emit biogenic
volatile organic compounds (BVOCs), which can contribute to exacer-
bating the poor air quality in cities. Some BVOC types such as isoprene
(C5H8) and monoterpenes (C10 terpenoids) can react with NOx at high
temperatures in the atmosphere to form secondary pollutants, such as
ground-level O3 and CO (Baro et al., 2014; Nowak, 2020a). The emission
of BVOCs and their role in O3 formation vary with environmental con-
ditions and tree species (Calfapietra et al., 2013). Monoterpenes are
emitted continuously both day and night, whereas isoprene is released
only during daytime when photosynthesis occurs (Benjamin & Winert,
1998). Moreover, monoterpene emissions are temperature-dependent,
while isoprene emissions are influenced by both temperature and light
conditions (Benjamin & Winert, 1998). These complexities highlight the
importance of careful tree selection and GI planning to maximize air
quality benefits while minimizing the adverse impacts of BVOC emis-
sions (Isaifan & Baldauf, 2020).

Numerous studies worldwide highlight the air quality benefits of GI,
positioning green spaces as essential components of urban spatial
planning. For instance, a study by Yao et al. (2022) in Guangzhou,
China, estimated that urban trees and shrubs removed 78,481 metric
tons (t) of air pollutants (CO, NOjy, Os, PMys, and SO3) annually.
Similarly, a study conducted in the Municipality of Ferrara, Italy,
revealed that GI elements removed 8.6 t of O3 and 19.78 t of PM;q
annually, while an assessment in Beijing, China, showed that urban
forests could remove about 17,747 t of NO5 annually (Muresan et al.,
2022; Gong et al., 2022). Moreover, a study by Parsa et al. (2019)
demonstrated that urban forests in Tehran, Iran captured 238.4 t of air
pollutants annually. An analysis of various types of urban green spaces
in China also estimated that GI could remove a total of 92 t of air pol-
lutants annually (Song et al., 2020), and in Brimbank, Australia, in-
dustrial zone green spaces eliminated 577 kg yr.”! pollutants
(Jayasooriya et al., 2017). Together, these studies underscore the critical
role of urban GI in mitigating air pollution, highlighting the need for its
integration into urban planning efforts.

In Africa, however, GI elements are not systematically integrated
into urban spatial planning, despite its profound benefits for sustainable
urban environments (Anderson et al., 2022). In Ethiopia, empirical ev-
idence demonstrating the effectiveness of GI in improving air quality is
still lacking. This knowledge gap, coupled with inadequate green space
coverage in urban centers—often below 1 m? per person compared to
the WHO’s recommended 9 m2—worsens environmental and public
health challenges (World Bank, 2017). Rapid urbanization and the
failure to integrate GI into spatial planning further contribute to
declining air quality and undermine sustainability efforts (Lindley et al.,
2015). Although promising initiatives like the *Green Legacy’ program
exist, they lack the strategic insight needed to optimize environmental
benefits and mitigate potential drawbacks, such as BVOC emissions. The
existing green spaces in Ethiopia’s urban centers, including those in
Hawassa, are poorly planned and insufficient to address the high levels
of air pollutants the cities encounter (Fetene & Worku, 2013). The lack
of research on the trade-offs associated with GI benefits may contribute
to suboptimal planning and decision-making, resulting in less effective
management of green spaces. Although previous studies have assessed
air pollutant concentration in Hawassa (Kasim et al., 2018) and
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human-induced VOC emission (Amare et al., 2023), the amount of air
pollution that could be annually removed and BVOCs emitted by exist-
ing GI elements in Ethiopia remains unknown.

This knowledge gap highlights the need for systematic research to
demonstrate the roles of GI in improving air quality. Therefore, this
study aims to evaluate the effectiveness of GI planning as an air quality
improvement strategy in Hawassa, Ethiopia, and specifically to 1)
quantify the amount of air pollution annually removed by the existing
green spaces and subsequent monetary values; 2) evaluate the BVOC
emission rate of tree species; and 3) map the potential pollution inter-
ception and BVOC emissions across the city. Our findings will enable
planners and policymakers to better integrate GI into urban develop-
ment strategies to improve air quality and promote sustainable urban
growth.

2. Materials and methods
2.1. Study area

This study was conducted in Hawassa, the capital of the Sidama
Regional Government in southern Ethiopia. Hawassa spans both
midland (1800-3200 m above sea level [m.a.s.l]) and lowland
(1500-1800 m.a.s.l) agro-environment (Yona et al., 2024). The city
administration, geographically located between 7°03'43.38" latitude
and 38°28'34.86" longitude, covers 828,260 ha, with the urbanized re-
gion spanning about 5200 ha (Tessema et al., 2024, Fig. 1). As a rapidly
growing medium-sized city, it is the sixth-largest urban center in
Ethiopia, with a population of 351,469 and an annual growth rate of 4%,
according to the 2015 census (Scott et al., 2016).

Hawassa’s climate, classified as "Woyina Dega,” features two distinct
rainy and dry seasons. The main rainy season occurs from June to
September, while a shorter one spans from March to May. The dry
season, known locally as “Bega,” lasts from late October to February.
The city receives an average annual rainfall of approximately 1013 mm
and experiences average temperatures of 23.75 °C, ranging from a
winter low of 6 °C to a summer high of 34 °C. Monthly average tem-
peratures fluctuate between 10 °C and 31.5 °C (Yona et al., 2024). Ac-
cording to the Federal Urban Planning Institute (FUPI), wind direction
shifts from southwest to northeast during the summer and from west to
east during the dry season (FUPL.2006). Wind speeds also vary season-
ally, with the windiest period from mid-June to late August and the
calmest stretch from September to mid-June (Weather Spark, 2021).

2.2. Database customizing and model configuration

We employed the i-Tree Eco Model version 6.0 (Eco v6.0) to assess
air pollution removal, its economic value, and BVOC emissions from
certain tree species in the study area. The model features a compre-
hensive database designed to store geographical, meteorological, and air
pollution data for cities worldwide (i-Tree Database, 2020). Originally
developed by the USDA Forest Service, the model takes into consider-
ation the distinct climate characteristics of the cities in the U.S. There-
fore, we manually input location information, meteorological data, and
pollution data for the study year into the databases (Yao et al., 2022).
We acquired pollutant concentration and precipitation data from the
Ethiopian Federal Meteorological Agency following a formal request.
Furthermore, the database included only 6500 tree species, and we
found that Ethiopia’s native species were missing (i-Tree Database,
2020). Therefore, we identified and added these missing species along
with their morphological characteristics, guided by Bekele-Tesemma
(2007; Fig. 3). Next, we adjusted the frost-free period from the default of
124 days-365 days and modified the allometric equation to a tropical
one to better reflect the local climate of Hawassa, Ethiopia. Additionally,
we integrated local variables such as temperature and precipitation,
which directly influence air pollution removal through the dry deposi-
tion process modeled by Eco v6.0 (i-Tree Eco, 2020c). The primary
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Fig. 1. Location of Hawassa, illustrating the planned development boundary and the administrative boundary, where there is no development plan in the natu-

ral area.

purpose of these adjustments was to develop a methodology tailored to
the study area and improve the accuracy of the model’s analysis output.

We sourced population data, average temperature, and land use in-
formation from the municipality of Hawassa. We also obtained geo-
spatial land use data, including land use strata for the entire study area,
and incorporated all this information into the model (FUPI, 2006;

Hawassa City Administration, 2017). After importing all necessary data
into the database, configuring the model, and completing field data
entry, the Eco v6.0 project was submitted to the U.S. Forest Service for
validation. Upon validation, the project was returned for further anal-
ysis (i-Tree Eco, 2020c, Fig. 3).
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Fig. 2. Urban green infrastructure systems were grouped based on their similarities within the planned boundary, with random sample center plots randomly
distributed across each stratum. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.3. Sampling design and sample size

We employed a stratified random sampling design, where the entire
city was divided into strata based on the updated geospatial land use
data (Fig. 2 and 3). Similar land uses were clustered into eight groups: 1)
AGSP - amenity green spaces around neighborhoods, lakeside, gardens,
and parks 2) COMIN - commercial and industrial zones, 3) GB - green
belt with no management intervention at the periphery, 4) INS - insti-
tutional compounds including government and religious compounds, 5)
POVA - undeveloped or vacated open spaces, 6) RES - communal and
single-family residential areas, 7) TRS: transport corridors such as bus
stops, residential roads, main streets, and highways, and 8) UAG: areas
zoned as urban agriculture (Fig. 2). Subsequently, center points for each
stratum were generated and imported into the model along with the
strata shapefile (i-Tree Eco, 2020b). As a rule of thumb, estimating the
structure and function of an urban forest for an entire city requires a
minimum of 200 random plots, with at least 10 plots per stratum. If some
plots are located in inaccessible areas where data collection is impos-
sible, an additional 10% of plots is needed to ensure sufficient data can
be collected. Each plot is buffered with an 11.34 m radius to cover the
minimum plot area of 400 m? (i-Tree Eco, 2020b). We found three of our
random sample plots were located within prohibited institutional areas
during data collection, rendering them inaccessible. As a result, data
collection was accomplished within 217 random plots, exceeding the
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minimum sample size. This adjustment ensured that the final sample
remained representative of the urban forest while adhering to the model
guidelines, thus supporting consistency and comparability with other
research efforts (i-Tree Eco, 2020b). Before heading to the field, we
conducted geospatial quantification using high-resolution images from
Google Earth to identify land use, land cover types, and cover pro-
portions at the plot level. These estimates were validated through field
measurements within each random plot.

2.4. Field data collection

In each plot, data on trees and shrubs, general plot characteristics,
and ground cover information were recorded (i-Tree Eco, 2020b, Fig. 4).
Land use was categorized by recording specific types of plots that fell
under a single land use category (e.g., commercial area) and noting the
percentage of each land use for plots with multiple purposes. Tree
canopy cover (TCC), which refers to the percentage of the plot shaded by
tree crowns, was estimated through a combination of image analysis and
visual observation. High-resolution images were used to determine the
canopy cover percentage at the plot level, and these estimates were
verified with direct field measurements (i-Tree Eco, 2020b). This esti-
mation involved visualizing the portion of the plot shaded by trees when
the sun was directly overhead, with percentages ranging from 0% (no
cover) to 100% (full cover). The overall canopy cover for the entire
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Fig. 4. Overview of major field-measured data from the random sample plots required to quantify the derived variables, air pollution removal, and BVOC emission in

the i-Tree Eco (i-Tree Eco, 2020).

study area was extrapolated from the sample plot data using the built-in
statistical algorithms of i-Tree Eco (Xie et al., 2023). The computational
methods (algorithms) in the model utilize tree characteristics such as
canopy spread, diameter at breast height (DBH), and total height to
estimate total canopy cover and other related metrics (i-Tree Eco,
2020b).

The common, scientific, and local names of each tree and shrub
species in the sample plots were identified during the field survey with
the assistance of foresters and botanists. Moreover, we cross-referenced
the tree species with Bekele-Tesemma (2007), thoroughly reviewing
their origins, leaf types (deciduous, evergreen, broadleaf, coniferous),
and other relevant characteristics. Other measurements, such as DBH for
single-stemmed trees and the DBH of each stem for multi-stemmed trees,
were taken using calipers. Total tree and bole heights were measured
using a clinometer and a wooden stick, respectively. The crown width
was determined by measuring the diameters of the crown in both the
north-south and east-west directions. We assessed the percentage of
foliage lost due to pruning, dieback, defoliation, uneven crowns, or the
presence of dwarf or sparse leaves to estimate the canopy missing. These
field-measured structural variables within the sample plots were
extrapolated to citywide based on our configuration and were used to
compute derived variables like leaf area (LA) and leaf biomass (LB)
using regression equations (Nowak, 2020a, Fig. 4). The LAI was esti-
mated from field-collected data using UFORE-A, a program that works in

conjunction with UFORE-D within the Eco 6.0 model, where regression
equations are applied to estimate the LA of individual urban trees
(Hirabayashi et al., 2012).

2.5. Air pollution removal, economic value, and BVOC emission analysis

Hourly removals of CO, NO3, Os, SO2, PM1(, and PM; 5 throughout
the year were estimated using the dry deposition model, which is an
integral part of Ecov6.0 (Nowak et al., 2008). The pollutant flux (F in pg
m~2 h™1), which represents the density of gaseous pollutants at the
vegetation surface, is calculated according to Baldocchi et al. (1987):

F=V;xC @

Where C represents the concentration of pollutants (ug m ) and V; is
the dry deposition velocity of pollutants (cm s 1), a process influenced
by pollutant characteristics, wind speed, and direction, and the canopy
surface properties (Hewitt et al., 2020). Vy; is calculated using the in-
dividual resistances of pollutant transfer to tree surfaces: aerodynamic
(Ry), quasi-laminar boundary layer (Rp), and canopy resistance (Re),
where Ra represents air movement resistance within the crown space (s
m™1), Ry, is the transfer resistance through the boundary layer adjacent
to canopy surfaces (s m™1), and R, denotes the chemical and biological
absorption capacity canopy surfaces (s m1) (Hirabayashi et al., 2012).
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The values and calculation procedures for R,, Ry, and R, are detailed
in (Hirabayashi et al., 2015; Nowak, 2020a). The capacity of individual
trees to filter pollutants is calculated using the formula:

LA,
prem :Rtx< LA[) (3)

Prem is pollution removal by a certain tree (kg), R, represents the total
pollution removed for all trees (kg), LA, represents the total LA of a
certain tree (mz), and LA, is total LA of all trees (m?). LA is the total
surface area (one-sided) of the leaves on a tree, whereas LAI is the total
LA per unit of ground surface area (Nowak, 2020a) and can be calcu-
lated according to the equation detailed in Hirabayashi et al. (2012):

LA;
[=——L_
! AixTC,' (4)
Where LA, A;, and TC; represent the LA (ha), ground area (ha), and TCC
(%) for land use type i, respectively. The LA of individual open-grown
trees is determined using regression equations specific to urban trees
(Nowak et al., 2008):

In Y= —4.3309 + 0.2942H + 0.7312D + 5.7217S + —0.0148C (5)

Y represents LA (mz), H is the crown height (m), D is the average
crown diameter (m), S is the average shading coefficient factor for the
individual species, and C is the crown surface area (m?).

Furthermore, we conducted a spatial analysis based on the Ecov6.0
model analysis outputs by integrating the information into GIS software.
All the sample plots from which we collected the required data were
included in the spatial analysis. Data from the sample plots randomly
distributed such as the amounts of removed air pollutants, BVOC
emission, LAI, TCC values, and corresponding geographical coordinate
systems were exported from the model and imported into ArcGIS for
further analysis. The Empirical Bayesian Kriging method in ArcGIS is an
accurate method for analyzing the structure and function of urban for-
ests (Yang et al., 2023). Likewise, Xie et al. (2023) evaluated four
interpolation methods for spatially interpolating ecosystem services and
found that Kriging had the highest prediction accuracy. Therefore, we
used the Kriging method in ArcGIS (version 10.8) for spatial interpola-
tion to map the estimated annual air pollution removal, emitted BVOC,
and structural variables such as LAI and TCC.

The economic value attributed to removing pollutants annually de-
pends on the population benefiting from improved air quality (Nowak
etal., 2018a,b). We employed the externality values, which estimate the
social cost of air pollution not captured in market prices and include its
adverse effects on human health, the environment, and man-made ma-
terials (Nowak et al., 2014a,b). Ethiopia currently lacks comprehensive
data on the social costs of air pollution, with limited information on its
full economic, health, and environmental impacts. Thus, we used peri-
odically updated U.S. median externality values—$1518.4/t for CO,
$10691.2/t for NO, and O3, $7138.05/t for PM10 and PM2.5, and
$2617.31/t for SOo—to estimate the monetary value (Nowak et al.,
2014a,b).

The emission of BVOC types, such as isoprene and monoterpenes, is
calculated for each tree species. BVOC emission rates depend on tree
species, leaf biomass, and air temperature (Nowak et al., 2008). Thus,
genera-specific emission factors based on the proportion of biomass of
species within the genera are used to estimate emissions of individual
species (Nowak, 2020a). The BVOC emission (E in pgC/hr) for each tree
species is estimated as:

E=BExBxy (6)

Where B represents the leaf dry weight biomass (g), BE is the genus-
specific emission factor (ugC/g) from literature at a temperature of
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30 °C and photosynthetically active radiation (PAR) flux of 1000 pmol/
m?/s. In the absence of genus-specific information, existing median BE
values from families in the literature are used. Similarly, tropical allo-
metric equations from the literature were used to estimate the total tree
biomass (Nowak, 2020a). The equations to estimate y (temperature and
light correction factor) for both BVOC types are detailed in Nowak
(2020a), while PAR calculations are based on Nowak et al. (2008).

3. Results
3.1. Structure of the GI systems in Hawassa

The entire urban greenery of Hawassa comprises 20.7% tree and
3.7% shrub cover, with trees predominantly featuring 53% evergreen
broadleaved, 40% deciduous broadleaved, and 7% coniferous. About
70% of trees have a DBH of less than 15 cm, 26.4% fall within the DBH
class of 15.2-44.7 cm, and 3.4% exceed 45 cm. Besides, tree cover varies
substantially across different GIs, ranging from 11.9% in GB to 44.1% in
AGSP. Although RES has the least tree cover, it exhibits a higher LAI,
surpassed only by INS, while the lowest LAI values were recorded in
UAG and POVA (Table 1). Moreover, approximately 2064 ha of land in
Hawassa supports tree growth, with significant portions of UAG, GB, and
AGSP offering higher plantable spaces, while TRS and COMIN showed
limited plantable space.

The spatial distributions of LAI and TCC reveal a clear association
with air pollution, with higher LAI values in the northern and south-
western part of the city aligning with areas of dense canopy cover,
particularly in enclosed parks and Hospital compounds (Fig. 5). In these
regions, LAI values exceed 3 (indicated by dark green), corresponding
with areas of higher vegetation density. Similarly, the TCC spatial map
highlights the same regions as having the densest canopy cover, with
values reaching up to 70% in the areas where closed parks, gardens, and
institutions are prevalent. In contrast, the central part of Hawassa fea-
tures a mix of LAI values between 1 and 3 (Fig. 5a). The less urbanized
eastern part, characterized by scattered settlements, shows the lowest
LAI values (<0.5), while the TCC map reflects scattered lower canopy
cover percentages (10-30%) (Fig. 5b). The alignment of LAI and TCC,
both estimated using the same method in spatial analysis, reinforces the
consistency of these critical indicators of vegetation health and
ecosystem function. Additionally, our field validation enhances the
precision of information and the reliability of the methodology
employed.

3.2. Air pollutant removal and economic values

The urban trees and shrubs in Hawassa removed 274.2 t per year (t
yr.’l) of CO, NOy, O3, SO5, PM;(, and PMs 5, with an economic value of
$1.79 million. Trees accounted for 83.4% of this removal, while shrubs
contributed 16.6%. Among the pollutants, SO2 accounted for about 45%
(122.5t) of the annual removal, followed by Oz (79.9 t) and NO2 (32.1 t).
In contrast, pollutants such as CO, PMys5, and PM;y were the least
removed, with total annual removal values of 5.4 t, 17.21 t,and 17.27 t,
respectively. Similarly, the highest annual mean removal was observed
for SO, at 40.9 + 1.8 t, followed by Os at 26.6 + 1.4 t, whereas CO,
PM;g, and PM; 5 had still lower mean removal rates (Fig. 7a). Stan-
dardizing the average removal rate by tree cover, a square meter of TCC
in the entire study area could remove 21.3 g m~2 yr.”!. At pollutant
level, SO, (11.4 g m_z), O3 (74 g m‘z), and NO; 3 g m~2) were
removed at the highest rates compared to CO (0.5 g m™2), PMyo (1.51 g
m~2), and PMy5 (1.6 g m~2). However, the greatest monetary values
derived from the removal were recorded for Os, followed by NO; and
SO,, with removal values in thousands being $864, $347, and $325,
respectively. The remaining removal monetary values were contributed
by PM ($250,000) and CO ($8318).
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Environmental Pollution 363 (2024) 125244

Summary of structural variables, total annual and average annual air pollution removal rates, and corresponding monetary values (in thousands) quantified for each GI

type in Hawassa.

GI type® Tree density (N/ha) LAI Coverage proportion Pollution removal Total value ($)
Plantable space (ha) Tree (%) Shrub (%) Total (t yr’l) Average (g m~2 yr.’l)

UAG 190.29 0.7 133.50 17.20 2.90 5.80 20.20 37.60

AGSP 165.32 3.5 83.10 44.10 5.30 33.80 39.30 220.60
COMIN 41.75 0.4 229.80 15.20 6.30 12.50 12.20 81.80

GB 114.95 0.4 233.30 11.90 8.00 5.90 16.60 38.50

INS 115.31 2.4 736.70 34.80 2.80 85.60 34.10 559.40

POVA 89.24 0.7 74.70 19.90 4.20 7.40 18.30 48.20

RES 120.46 0.6 736.70 18.90 2.80 56.30 15.10 367.70

TRS 115.07 0.5 308.30 16.40 2.70 21.50 13.60 140.40

@ UAG: Urban Agriculture, AGSP: Amenity Green spaces along lakeside, neighborhood green areas, and Public Parks, COMIN: Commercial and Industrial Areas, GB:
Green Belts, INS: Institutional compounds, POVA: Public Open Spaces and Vacant Area, RES: communal housing and Single-family residential areas, TRS: Trans-

portation corridors, including bus station and streets.
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3.3. Spatial and seasonal variation

Annual air pollution removal and associated monetary values in
Hawassa ranged from 5.8 t yr.”! ($37.6 thousand) in UAG to 85.6 t yr .}
($559.4 thousand) in INS. Higher air pollution reduction occurred in
RES, followed by AGSP and TRS, while GB, POVA, and COMIN had the
lowest removal values (Table 1). Similarly, average removal rates varied
across land use types, ranging from 12.2 g m~2 yr.”! in COMIN to the
highest value of 39.3 g m~2 yr.”! in AGSP. The spatial analysis revealed
that the highest annual removal occurred in areas with large native and
broadleaved trees, such as public conservation parks and gardens, while
lower removal was observed in less urbanized parts of Hawassa with
smaller or sparser green spaces (Fig. 6). The highest and lowest pollution
removal capacities of each GI element are associated with the TCC and
LAI pattern (Table 1 and Fig. 5).

The air pollution removal efficiency of GI components varied sub-
stantially depending on the seasons and specific months (Fig. 7). The
greatest removal, amounting to 102.56 t yr.”}, occurred during the
driest season, followed by the short rainy season with an estimated value
0f 90.25 t yr.”!. The long rainy season, with the lowest temperatures and
higher wind speeds, showed the lowest removal at 81.35 t yr.” ..
November (36.93 t) and December (29.63 t), the driest months, had the
highest cumulative air pollution removal across all the pollutants, with
May, March, and April following closely with estimated removals of
23.2t,22.9t, and 22.5 t, respectively. August, a typical wet and windy
month, recorded the lowest pollution removal at 17.9 t (Fig. 7b). During
the short rainy season, PM;( removal was negligible (Fig. 7a), while

PM, 5 showed a negative removal value in December, which is the
windiest month in Hawassa. The negative value indicates that the re-
suspension of previously settled PM;o by trees exceeds the rate at
which it is being removed. NO removal peaked during the driest season,
with November and December showing the highest removal values at
15.2 t and 13.6 t respectively, and lower removals in the rainy months.
Similarly, O3 removal varied from 5.11 t in August to 8.81 t in
December, while CO removal remained consistently low throughout the
year, highlighting the significant seasonal variability in pollutant
removal rates in Ethiopia (Fig. 7b).

At the species level, Ficus sur and Grevillea robusta, followed by
Jacaranda mimosifolia and Azadirachta indica, were the top contributors
to the annual air pollution removal, collectively accounting for
approximately 48% of the total removal in Hawassa. In contrast, Ber-
sama abyssinica, Prunus persica, Podocarpus falcatus, Carissa spinarum,
Citrus sinensis, and other small trees demonstrated nearly zero removal
value. Averaging the annual air pollution removal per tree (kg/Tr.),
F. sur is still at the top with 11.39 kg, followed by Ficus vasta (5.11 kg),
Acacia tortilis (1.17 kg), Senna siamea (0.95 kg), and Moringa oleifera
(0.92 kg) (see Appendix 1 for more details).

3.4. BVOCs emissions

We found that BVOC types such as monoterpenes (49.7%) and
isoprene (50.3%) emitted in similar proportions. The entire urban for-
ests of Hawassa could emit 35.8 t BVOC, of which the highest emissions
were recorded in INS (12.06 t yr.’l) and RES (7.24 t yr.’l), and the
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lowest annual emissions were contributed by UAG and GB (Table 2). Yet,
the average annual BVOC emission rate per m? of tree cover varied
considerably, with higher values in POVA, and GB, while RES, TRS, and
UAG similarly showed the lowest average emissions (Table 2). The
BVOC emissions for all tree species, ranked according to their emission
levels per LB (kg) and LA (ha) are summarized in Appendix 1. In terms of
BVOC annual emissions, F. sur and Eucalyptus camaldulensis were iden-
tified as the highest emitters, each contributing 7.7 t yr.”! (21.4%).
However, emission rates varied considerably among tree species, when
averaged for BVOCs by LA and LB. The Eucalyptus genus emerged as the
highest average BVOC emitter, with E. camaldulensis and Eucalyptus
citriodora annually emitting 58.8 and 56.04 kg per ha of LA, respectively.
Moreover, Casuarina equisetifolia and Schinus molle demonstrated rela-
tively higher BVOC emissions per ha of LA. Despite F. sur having the
highest total emission, its average emission rate per ha of LA was the
lowest at 8.7 t yr.”!. Spatially, the highest emissions were recorded in
the conservation parks where these trees are found predominant (Fig. 8).
A minor shift was observed in the average BVOC emission rate when
averaging the values by LB (grams of BVOC per kg of LB). Thus,
C. equisetifolia exhibits the highest average emission rate, at 49.1 g/kg/
yr. of LB, closely followed by E. citriodoraand and E. camaldulensis at

Table 2

i-Tree Eco-based total (t yr.’l) BVOCs emission quantified for each GI type
established across various land use types and the average emission (g m =2 yr.” ")
by square meter of tree canopy cover in Hawassa.

Stratum  TCC Monoterpenes Isoprenes BVOC emission
-1 -1
ha)  (tyr.™) (tyr) Total TCC(g %

(t m~2

y. ) yr.hH
INS 251.4 5.20 6.86 12.06 4.80 33.70
RES 373.3 4.52 2.72 7.24 1.94 20.23
AGSP 86.0 1.67 2.50 4.17 4.85 11.65
COMIN 103.1 2.07 2.09 4.16 4.04 11.63
TRS 157.5 2.00 1.23 3.23 2.05 9.02
POVA 40.4 0.89 1.55 2.44 6.03 6.81
GB 35.5 1.16 0.66 1.82 5.13 5.08

UAG 28.6 0.28 0.39 0.67 2.36 1.88
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similar emission rates, indicating a significant emission output relative
to their biomass. Conversely, Annona senegalensis, Carissa spinarum,
Cordia africana, Jacaranda mimosifolia, Podocarpus falcatus, and Prunus
persica, emitted neither of the BVOC types, while others (e.g. G. robusta,
S. molle) showed no isoprene emissions.

4. Discussions

Our study assessed four major issues: (1) the air quality improvement
provided by urban green spaces through atmospheric impacts, (2) the
monetary values of these services, (3) the emission of BVOCs from urban
trees, and 4) the spatial patterns of the removed pollutants and emitted
BVOCs in relation to the structural variables of GI systems. To under-
stand the broader implications, it is essential to situate the findings
within local, regional, and global contexts. Although comparison with
local studies is vital, given the unique characteristics of urban centers in
Ethiopia and other African regions, a significant gap on this topic per-
sists (Anderson et al., 2022). Our comprehensive analysis serves as a
vital starting point for future investigations into how well-planned GI
systems can mitigate air pollution in similar urban environments. While
regional and global comparisons provide valuable insights, the scarcity
of local studies highlights the need for targeted research in Ethiopia.

The notion of urban green infrastructure is increasingly recognized
for its potential to improve air quality, a benefit documented in various
studies (e.g., Gong et al., 2022; Muresan et al., 2022; Yao et al., 2022).
Our findings align with previous studies, indicating that the GI elements
in Hawassa removed 274.2 t of pollutants annually. This result is com-
parable to the 238.4 t of pollution removed by green spaces in Tabriz
(Parsa et al., 2019), but approximately three times higher than the 92 t
removed by the GIs in Luohe City, China (Song et al., 2020). The GI
systems effectively removed gaseous pollutants (SOz, Os, and NO2) pri-
marily through leaf stomata uptake, whereas less efficient against PM
and CO, which are mainly removed through deposition on plant surfaces
(Hewitt et al., 2020). Our study reveals that the GI systems of the city are
more effective in air quality improvement through pollutant uptake via
stomata during active photosynthesis than through surface deposition.
In contrast to other studies, which often identify SO: as one of the least
removed pollutants (e.g., Selmi et al., 2016; Yao et al., 2022), our

findings indicate that it was removed more efficiently, highlighting the
influence of local environmental conditions. Typically, gaseous pollut-
ants were removed at a higher rate during the driest season, starting in
late October, with SOz and NO3 showing the greatest removal in October
and November. The increased removal of these two pollutants during
the driest months aligns with Nowak et al. (2014a,b), suggesting that the
deposition rates are linked to high temperature and a relatively high
concentration due to low wind speed during these months in Hawassa.
Conversely, the negative removal value of PM pollutants in December
may be attributed to strong winds, suggesting that the amount of dust
and particles resuspended in the air exceeded the amount removed by
the trees (Hirabayashi et al., 2015; Rasoolzadeh et al., 2024). Thus, local
factors like temperature and wind speed influence GI pollutant removal,
enhancing the permanent elimination of gaseous pollutants while
contributing to the redistribution of particulate matter.

Determining the percentage of air quality improvement resulting
from the total removed air pollution is essential for understanding its
environmental benefits. However, the lack of emission data in Hawassa
posed challenges in quantifying these improvements, a challenge across
Ethiopia (Flanagan et al., 2021). Studies in various countries indicate
that the annual air quality improvements from removed pollutants are
often below 1%; however, these changes can still greatly impact human
health (Nowak et al., 2018a,b). For example, in Strasbourg, public green
spaces removed 88 t pollutants annually, resulting in a 0.5% air quality
improvement (Selmi et al., 2016), while urban forests in Barcelona
removed 305.6 t per year, yielding less than 1% improvement for PM
and NO:z (Bar¢ et al., 2014). These findings indicate that while GIs in
different cities may remove varying amounts of air pollution compared
to Hawassa, regardless of the amount removed, they can significantly
benefit human health.

The air pollution removal capacity of GI can be influenced by sea-
sonal climate, precipitation, evergreen canopy cover, and pollutant
concentration. Generally, increases in these factors enhance the effec-
tiveness of GI, although deposition velocities may decrease during high
precipitation (Nowak et al., 2006). Therefore, the surface area of green
space coverage alone does not ensure consistent air pollution removal
efficiency; smaller GIs can achieve a higher average air pollution
removal rate per canopy area (Nowak & Heisler, 2010). In our study, we
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estimated the annual air pollution removal rate per unit area of tree
canopy at 21.3 m2 yr-!, comparable to urban forests in Los Angeles
(231 ¢g m 2 yr.’l) (Nowak et al., 2006). However, our study’s average
removal is approximately twice that reported by Rasoolzadeh et al.
(2024) in Tehran, Iran (11.6 g m-? yr'l), and Parsa et al. (2019) in
Tabriz, Azerbaijan (10 g m~2 yr1). It is important to note that Ethiopia’s
frost-free climate enables year-round vegetation growth, resulting in
robust plant development, especially during the rainy season, which
contrasts with findings in non-tropical regions. For instance, research
from Baltimore (Hirabayashi et al., 2012) and Chicago (Yang et al.,
2008) indicates that GI systems removed more air pollution during
frost-free seasons when photosynthetic vegetation is active. However,
we observed the lowest air pollution removal during the long rainy
season, typically the peak growing period, which is characterized by
higher precipitation and lower temperatures (Weather Spark, 2021) that
seem to reduce pollution removal. These findings align with Nowak
et al. (2018b), who observed that increased precipitation can lead to
decreased air pollution removal through dry deposition. Furthermore,
the highest temperatures and lowest wind speeds in Hawassa occur
during the dry season, resulting in higher pollutant concentrations and
deposition velocities (Hirabayashi et al., 2015; Selmi et al., 2016).
This study also confirms that pollution reduction efficiency varies
considerably across GI types, with larger leaf surfaces and extensive
canopy cover, such as urban parks, showing the highest pollutant
removal rate. Institutional compounds and residential areas, which
featured the highest LAI, resulted in the most significant pollution
reduction. In Ethiopia, GIs around church and institutional compounds
typically comprise mixtures of large native broadleaved trees, as they
have ample space for large tree growth. Our findings confirm that
broadleaved trees, which thrive in areas with ample space, are most
effective for air pollution removal. Conversely, smaller ornamental trees
and shrubs, commonly found in more confined environments like streets
and residential areas, are less efficient. The benefits of green spaces in
these areas, which are often dominated by buildings, extend beyond the
scope of atmospheric air pollution removal, particularly in reducing
building energy use through cooling effects. Consequently, further
research should assess how urban trees in Ethiopia can contribute to
reducing air pollutant emissions from buildings by absorbing high levels
of solar radiation. Standardized average pollution removal provides
more meaningful information than total removal comparisons for eval-
uating the spatial efficiency of GIs in different locations. Our analysis
revealed that urban parks and institutional compounds are the most
efficient GI types at removing air pollution, with average annual
removal rates of 39.3 g m~2 and 34.1 g m~2, respectively. Despite higher
pollutant concentrations in transportation corridors and industrial areas
in Hawassa (Kasim et al., 2018), these GI types showed lower removal
rates. Thus, this research strongly recommends increasing the current
tree cover—16.4% in TRS, 15.2% in COMIN, and 18.9% in RES—to
better accommodate the high pollution concentrations in these areas.
Urbanization patterns significantly influence the balance between
green spaces and built-up areas, which affects air pollutant concentra-
tions and the efficiency of pollution removal. This study found higher
total air pollution removal in the oldest part of Hawassa, where business
districts, institutions, formal residential areas, and well-maintained
green spaces are located. This area demonstrates relatively better LAI
and TCC compared to the peripheral area in the eastern part (Fig. 5).
Similar spatial distribution trends for other ecosystem services, such as
temperature and runoff reduction roles of GI have been observed in
previous studies in the city (Gebreyesus et al., 2022, 2023). In contrast,
urban agriculture and the green belt contribute minimally to air pollu-
tion removal, likely due to the predominance of small trees, which
create a scattered canopy and low LAI (Fig. 5). Most trees in these GI
types fall into the smallest DBH class (<6 cm), resembling bushes more
than mature trees (Gebreyesus et al., 2023). Supporting these findings,
Isaifan and Baldauf (2020) reported that large, healthy trees with a DBH
greater than 76 cm can remove 60-70 times more air pollution annually
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than small, healthy trees with a DBH less than 7.6 cm (Nowak, 2020b).
Moreover, the spatial variation of pollutant removal in this study is
closely linked to TCC and LAI distributions. Areas with higher tree
canopy cover, such as the southern part of the city with large native trees
in Hospital compounds, gardens, and enclosed parks, as well as the
northern region, correspond to zones with greater pollutant removal
(Fig. 6). The western and northwestern parts of the city, characterized
by denser TCC and higher LAI (Fig. 5), show the highest pollutant
removal. Tree canopy measures crown volume, but does not directly
reflect leaf surface area, which makes its role in air pollution removal
less direct than that of LAI LAI directly measures the leaf surface
available for gas exchange and pollutant absorption (Hewitt et al.,
2020). Thus, areas with more extensive leaf surfaces are more effective
at filtering particulate matter and absorbing gaseous pollutants.

The roles of urban trees in improving air quality can be translated
into economic benefits, primarily due to associated improvements in
human health (Nowak et al., 2018a,b). The economic value of pollution
removal by the urban forests in Hawassa, estimated at $1.79 million
reflects a meaningful contribution to environmental benefits in the city.
In comparison, a study in Tabriz, Azerbaijan estimated that the city’s
green spaces provide an annual pollution removal benefit valued at
approximately $ 191 thousand, only 10% of the values in Hawassa
(Parsa et al., 2019). Similarly, a study conducted in Barcelona, Spain,
valued pollution removal at approximately $2.38 million annually,
which is 25% greater than the values in our study (Baro et al., 2014).
Given that Hawassa is a smaller city with potentially lower overall tree
cover and pollution levels, the estimated value seems reasonable.
Spatially, most of the economic benefits in Hawassa from air pollutant
removal were concentrated in institutional compounds, residential
areas, amenity green spaces, and parks. Together, these areas accounted
for approximately 77% ($1.15 million) of the total monetary values
derived from pollution removal, resulting in healthcare savings. These
GI types are the most visited, closest to residents, and interconnected
with the day-to-day life of the community. According to Nowak et al.
(2014a,b), urban forests’ air pollution removal and associated economic
value are considerably higher in cities than in suburban areas, due to
higher air pollution levels and closer proximity of residents to green
spaces. Furthermore, Nowak et al. (2018b) noted that the GI types with
the highest air pollution removal rates do not always yield the highest
economic benefits. Factors such as the number of people benefiting from
improved air quality are important in determining the economic values
of GI types. Despite the highest removal quantity being recorded for SO,
the highest economic values for air pollution purification were noted for
O3 and NOs. This implies that removing even a small amount of O3 and
NO, is highly valuable because changing (lowering) the concentration of
these pollutants in the atmosphere might have the greatest externality or
health impact (Nowak et al., 2014a,b).

Although urban greenery is traditionally seen as a net positive for air
quality, adverse environmental consequences can arise if GIs are
established without proper caution, mainly due to BVOC emissions.
These emissions can contribute to air quality degradation when BVOCs
react with NOy at high temperatures, leading to the formation of other
pollutants. According to Kumar et al. (2019), isoprene contributes to
ground-level O3 formation in the presence of NOx, whereas mono-
terpenes can lead to increased concentrations of PM. The authors further
elaborated that once released into the atmosphere, BVOCs are highly
reactive, with atmospheric lifetimes ranging from seconds to hours, and
they rapidly react with air oxidants. However, it is important to note that
BVOCs themselves are not inherently air pollutants but consist of plant
compounds like essential oils and resins that help trees attract pollina-
tors and deter predators (Chaparro & Terradas, 2009). For instance, in
rural areas that often experience lower temperatures than urban areas
due to higher tree cover and lower NOy concentrations, BVOCs can
reduce O3 levels (Nowak and Crane, 2000).

Our study confirms that green spaces can influence air quality dy-
namics, with an annual emission of 35.8 t of BVOCs in the entire urban
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forest of the study area. Specifically, Eucalyptus and Ficus genera were
found to be the major contributors, together accounting for over 51% of
the total emissions. In a similar study conducted in Adama, Ethiopia, it
was reported that the entire urban forest could emit 52 t yr.”! (Koricho
et al., 2021), which is approximately 31% higher than the emissions in
Hawassa. A comparative analysis at the global level shows considerable
differences in BVOC emissions across various locations. For instance, in
Mexico City, only 0.4 t yr.”! of BVOC was emitted by urban trees in
park-like GI type (Baumgardner et al., 2012), substantially lower than
the emission level recorded in Hawassa. Conversely, BVOC emissions in
Barcelona’s Urban forests were much higher, at 184 t yr.~! (Chaparro &
Terradas, 2009), reflecting the influence of different urban settings and
climatic conditions. Recent studies in Africa, such as Amare et al. (2023)
in Hawassa have examined the health risks of anthropogenic VOCs,
while Cordell et al. (2021) in Nairobi and Lagos emphasized the need to
examine emissions of these chemicals from human activities. However,
these studies failed to examine the impact of BVOCs emitted from urban
trees and shrubs.

This research further reveals that BVOC emissions are influenced by
a range of factors including tree biomass, temperature intensity, and
NOy concentration. In our study, we observed considerable spatial var-
iations in total BVOC emissions that closely reflected the distribution of
green coverage, similar to the pollution removal spatial pattern. The
spatial overlapping of high pollutant removal and BVOC emissions, as
shown in Figs. 6 and 8, is driven by two main factors. First, the areas
with denser forest cover, large trees, and high LAI are where the most
pollutants are removed. Second, many of the same trees recorded in
these areas are characterized by the highest BVOC emitters (Appendix
1). This finding provides insights into the need for urban forestry pol-
icies that strategically select tree species with high pollutant removal
capacity and low BVOC emissions to maximize air quality benefits while
minimizing the risk of secondary pollution formation. It also suggests
the importance of integrating GI design and zoning to reduce localized
air quality challenges.

We found that the majority of the total BVOC emissions were
observed in the stratum INS, while RES also exhibited elevated emis-
sions. The spatial variability in BVOC emissions depends on land use
type and specific tree species within a certain location. Urban parks in
Hawassa exhibit the highest potential for O3 and other secondary pol-
lutants formation, with BVOC emissions predominantly concentrated
within these GI types. Our observations highlight that F. sur, a native
species known for its deciduous broadleaved and high-leaf area, is
predominant in the two designated conservation parks, private resorts,
and other forest patches. The two urban parks, locally named Gudmale
and Millennium, are located at opposite ends of the city and feature
native and introduced tree species with higher emission values (Fig. 8;
Appendix 1). Likewise, overaged Eucalyptus plantation compartments,
commonly found in these parks, were identified as the highest emitters.
However, POVA and GB had higher average BVOC emission rates,
despite having lower TCC and LAIL In terms of average emission, a
prominent finding was that BVOC emissions were more pronounced in
areas with lower TCC and higher temperatures, specifically in the less
urbanized parts of Hawassa. This observation is consistent with Nowak
et al. (2008), who reported that increased tree transpiration cools the air
and reduces leaf temperatures, leading to decreased BVOC emissions.
These effects are included in the Ecov6.0 model to account for how
tree-induced cooling influences BVOC emissions during the growing
season. These findings underscore the importance of urban design in
managing BVOC emissions, which can inform more effective environ-
mental policies and comprehensive urban planning strategies.

The role of urban trees in shaping air quality is multifaceted,
depending on the configuration of GI, and can lead to both positive and
negative effects on the environment. On the positive side, reduced wind
speeds caused by GIs can lower heating energy use in buildings by
minimizing cold air infiltration, which may lead to a reduction in
pollutant emissions from power plants (Nowak, 2020b). Moreover,
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urban trees reduce wind speed, which helps to limit the mixing of
polluted ground-level air with less contaminated upper air. This phe-
nomenon leads to a concentration of pollutants in the lower layers,
where pollution sources (e.g., parked vehicles in unventilated parking
lots) are located. Therefore, careful design and configuration of GI sys-
tems are essential to balance these air quality impacts effectively.
However, the benefits of GI on air quality enhancement should be
evaluated against potential drawbacks. For example, reduced wind
speeds can contribute to pollutant accumulation at ground level,
potentially offsetting some benefits of cleaner upper air. Additional
studies are required to assess these trade-offs in various built-up areas in
Ethiopia, considering different GI configurations and seasonal
variations.

This study did not address all contribution aspects of the GI system to
urban air quality dynamics, as the Eco v6.0 model is limited in the
context of Ethiopia to only quantify the dry deposition of air pollution
through leaves. Although the model primarily estimates pollution
removal through tree leaves, it does not account for other tree parts,
such as bark, nor does it consider the role of urban trees in reducing
pollution emissions from buildings in Ethiopia via cooling effects. This
limitation arises because the model was originally developed based on
U.S. building types, and customizing it to the Ethiopian context proved
to be challenging (i-Tree Eco, 2020b). Despite this, the study confirmed
that the model can be reliably used, with caution, to assess the envi-
ronmental benefits of GI in African urban centers. Although this tool is
less common in Africa, previous studies by Koricho et al. (2021) and
Gebreyesus et al. (2023) have shown that careful adaptation in Ethio-
pian cities like Adama and Hawassa could yield meaningful result.
Therefore, this study not only offers valuable insights for a specific
location but also highlights the broader relevance of the innovative
methods we employed for GI planning across Sub-Saharan Africa.

The i-Tree Eco v6.0 model introduces some uncertainties in our
study, primarily related to unidentified estimation errors in calculating
key variables such as leaf area, leaf biomass, and tree biomass. Addi-
tionally, while the model provides general air pollution removal values
for shrubs, it lacks species-specific data, which may affect the accuracy
of removal estimates. The model also simplifies complex physical and
chemical interactions between trees and the atmosphere, such as local
wind patterns and turbulence, both of which can impact pollutant
removal and dispersion rates (i-Tree Eco, 2020c). Furthermore, the
valuation of air purification benefits is based on the model’s default
economic values rather than localized data, potentially leading to dis-
crepancies in the monetary assessment of these ecosystem services.
Similarly, pollution estimates depend on concentration data from a
single or an average of several monitors, limiting the spatial resolution
(Nowak, 2020b). Despite these uncertainties, i-Tree Eco v6.0 is widely
recognized and validated for assessing urban forest ecosystem services.
We have accounted for these limitations in our analysis, and future
research could improve accuracy by incorporating local data and
refining assumptions specific to urban centers in Ethiopia.

5. Policy Implications

Despite the efforts of the government to promote greenery through
strategies in Ethiopia, gaps remain between policy intentions and their
implementation. The National Environmental Policy, established over
two decades ago, and recent initiatives known as the National GI
Implementation Standard emphasize the importance of green spaces
(Girma et al., 2019). However, the reality on the ground often falls short
of these goals, as the policies remain largely unimplemented (Flanagan
et al., 2021). The national GI Standard recommends dedicating at least
30% of urban land to GI development (MUDH, 2015). However, no city
has achieved this target, highlighting a critical gap between policy di-
rectives and tangible outcomes. Effective integration of GI requires the
commitment of planners and policymakers to execute these GI standards
and mainstream them into urban planning processes.
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In Ethiopia, urban greenery is often seen primarily as an employment
sector for university graduates and others without professional back-
grounds, regardless of their prior skills in GI planning. This practice may
lead to the wrong GI planning, increasing BVOC emissions, and ending
up with less efficient GIs in improving air quality. For example,
G. robusta, the dominant tree species in Hawassa, is the preferred species
for planting in most urban centers of the country due to its rapid growth.
Despite being one of the leading contributors to air pollution removal,
this species is also one of the top monoterpenes emitters. This implies
that a certain tree species with the highest BVOC emission nature does
not mean it contributes less to removing pollution. Similarly,
C. megalocarpus, an exotic deciduous species, was identified in this study
as one of the BVOC emitters but is commonly planted along roadsides
and street medians in Hawassa. Moreover, land tenure also poses a
significant obstacle to the urban tree canopy increment in the study area.
Urban land is often allocated arbitrarily for greenery, even if not
designated as such in master plans, and these green spaces may be
converted into other land uses without prior consultation. To maintain
and expand tree cover amidst these challenges, one effective strategy
could be converting vacant areas into green spaces. In this study, we
identified a total of 2064 ha of urban land, representing approximately
40% of the total area of the city, as plantable land spaces. These
"plantable spaces" should be unrestricted lands with suitable soil for tree
growth, located away from structures and large trees to ensure new tree
growth (i-Tree Eco, 2020a). Most of these spaces (35.7%) were found in
residential areas, where the current tree coverage is only 18.9%, and
converting these vacant areas could potentially double the city’s current
tree canopy coverage of 20.7%.

6. Conclusions and Recommendations

Systematically simulating how urban nature can address the envi-
ronmental effects of urbanization provides a clearer understanding of its
potential impact. This study emphasized on the substantial potential of
GIs to enhance air quality while also drawing attention to the possible
negative effects of GI systems that have been installed without proper
care. The existing GIs in Hawassa contributed to 20.7% of tree cover and
removed 274.2 t air pollution. While this pollution removal is substan-
tial, the removal or emission of pollutants can change atmospheric
systems, either positively or negatively. However, it is important to note
that GI elements can adversely affect the environment due to the BVOC
emission from some urban trees, which can contribute to the formation
of pollutants. This dual role of urban trees necessitates a strategic
approach to GI management in Ethiopia. Improving the ES offered by
the existing GI in Hawassa and other urban centers in Ethiopia can be
achieved by adopting proven strategies to enhance air quality, taking the
unique location into account. GI integration and air quality emphasize
the interconnected nature of GI and air quality issues and advocate for
an integrated framework that aligns GI planning with air quality man-
agement. Thus, GIs should be integrated into spatial planning at the
national level taking into account the 1) multi-functionality design: GI
planning should deliver multiple benefits, including air quality
improvement; 2) GI planners should carefully consider the location of
high-BVOC-emitting species, ensuring they are planted in areas where
their emissions will have less impact on secondary pollutant formation
(e.g., away from high-traffic or industrial areas); 3) seasonal and spatial
variability considerations: incorporating urban trees considering their
air quality improvement roles accorded with the change of season and
maximize their efficiency with proper configuration based on the land
use types; 4) policy integration: urban planning policies should incor-
porate GI strategies as a pillar element to enhance air quality; and 5)
economic valuation: residents and authorities should recognize that the
ES provided from the well-planned GI can be converted into money
comparable to income from selling land. However, further research is
also needed to compare the quantified economic values of GI derived
from ES (intangible benefits) and the monetary value gained from selling
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the same land (tangible benefits) where the GI elements have been
constructed.
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