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Abstract  Urban air quality degradation, driven by 
intensified urbanization and traffic, presents a critical 
public health challenge in most cities worldwide, such 
as Guelma, Algeria, where concentrations of fine par-
ticulate matter (PM2.5, PM10) and carbon dioxide (CO2) 
often exceed health standards. This study evaluates the 
efficacy of conventional greening by suggesting that 
the air purification potential of public gardens may be 
limited by suboptimal initial design. It is an explora-
tory modeling framework to propose a shift from quali-
tative landscaping to quantitative, performance-driven 
biophilic design. By simulating six parameterized 

intervention scenarios, this research indicates that 
simplistic canopy densification may be an insufficient 
strategy under high pollutant loads. Based on a spe-
cific summer field campaign and a limited temporal 
scope, the results identify a proposed design configu-
ration protocol, where significant pollutant mitigation 
is achieved by a specific arrangement: a 60% urban 
forest index composed of high-efficiency species (Pla-
tanus × acerifolia, Acer saccharinum, Quercus spp.), 
combined with a 10% shrub layer and 40% grass cover 
to form a multilayered filter. This vegetative system is 
integrated with complementary engineered systems: 
linear water features covering 15% of the surface for 
particle wash-down, soil engineered to an aerodynamic 
roughness length (z0) of 0.15 m across 65% of the site 
to enhance deposition, and pollutant-absorbing paving 
on 20% of the surface. This study suggests that enhanc-
ing the functional efficiency of urban gardens requires 
precise, multimechanism integration of biomass, water, 
and engineered surfaces, providing an exploratory 
framework for designing public spaces as potential 
infrastructure for sustainable air quality improvement.

Keywords  Green space · Particulate matter · CO2 · 
ENVI-met · Biophilic design · NDVI

Introduction

The rapid expansion of urban areas, driven by 
population growth and industrial activity, places 
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considerable stress on urban environments, often 
leading to the degradation of air quality  (Ramírez 
et  al., 2017;  Liu et  al., 2021;  Rodrigues et  al., 
2021).  A critical manifestation of this issue is the 
frequent exceedance of health-based standards for 
atmospheric pollutants, particularly particulate mat-
ter (PM), in cities worldwide. The World Health 
Organization (WHO) has reported that the global 
population-weighted annual mean concentration of 
PM2.5 remains dangerously high, approximately six 
times above its updated guideline of 5  µg/m3 (God-
win et al., 2015; H. Liu et al., 2017; Rodrigues et al., 
2021; Wang et al., 2022). Concurrently, the continu-
ous rise in carbon dioxide (CO2) emissions, the pri-
mary greenhouse gas, exacerbates climate change 
and contributes to urban air pollution profiles, with 
global projections reaching record levels (Muñoz-
Pizza et al., 2020; Du et al., 2021; Dong et al., 2023). 
This persistent dual challenge of particulate pollution 
and elevated CO2 concentrations represents a press-
ing environmental and public health crisis for metro-
politan regions (Bouznit & Pablo-Romero, 2016; Shi 
et al., 2022).

Vegetation and other biophilic elements serve as a 
crucial natural filter in urban environments, directly 
mitigating airborne particulate matter (PM2.5) through 
two primary mechanisms: the surface adsorption of 
particles onto leaves and the alteration of airflow pat-
terns to promote deposition  (Du et  al., 2021; Ge & 
Zhang, 2022; Bechlem et  al., 2025).  The movement 
and eventual capture of these particles within plant 
canopies are governed by gravitational settling and 
concentration gradients (H. Liu et  al., 2017; Muñoz-
Pizza et  al., 2020; Villani et  al., 2021). The efficacy 
of this filtration is highly dependent on vegetation 
structure. Specifically, dense foliage characterized by 
a high leaf area density and a low crown base height 
has been demonstrated to significantly enhance PM 
removal (Khaleghi et al., 2011; Vigevani et al., 2022). 
This principle extends to the landscape scale, where 
strategically placed vegetative barriers can effectively 
reduce PM concentrations in downwind areas (Du 
et  al., 2021; Dong et  al., 2023; Acierno & Coppola, 
n.d.). To maximize air quality benefits, the design of 
public green spaces must move beyond simple green-
ing and prioritize multilayered vegetation structures. 
Arrangements that combine trees, shrubs, and ground-
cover are most effective; those with a well-developed 
shrub layer capture the most PM at capturing PM2.5 

and PM10, underscoring the importance of intention-
ally structured complexity in urban landscape design 
(Buccolieri et al., 2020; Wang et al., 2022; Dong et al., 
2023; Gebreyesus et al., 2024).

Particulate matter dynamics in urban areas are 
governed by processes across multiple scales. At 
the microscale, surface properties are a fundamental 
control. Soil texture dictates dust emission potential, 
where cohesive clay-rich soils resist erosion, while 
noncohesive sandy soils are highly prone to particu-
late resuspension (VanOort et al., 2008; Aimar et al., 
2012). Similarly, material characteristics govern 
PM retention; porous and electrostatically charged 
wood surfaces effectively capture particles, whereas 
smooth, nonporous materials like metal facilitate only 
temporary deposition, leading to easy resuspension 
(Sjöblom et al., 2017; Vigevani et al., 2022).

These microscale interactions are contextualized 
and driven by macro-scale urban forms. Land-use 
composition (the spatial arrangement of residential, 
commercial, and industrial zones) shapes traffic pat-
terns, a primary source of PM2.5 PM10 from exhaust 
and nonexhaust emissions (Fisher et al., 2006; Tarek 
& Ouf, 2021). Urban compactness can intensify this 
source by concentrating traffic flows and causing 
congestion (Brulfert et al., 2005; Hu, 2017). Further-
more, the geometry of the urban fabric, such as street 
canyons oriented parallel to prevailing winds, can cre-
ate a wind channeling effect that traps emissions and 
elevates ground-level pollutant concentrations (Ram-
irez et al., 2017; Jin et al., 2023). Within the Algerian 
context, these challenges are exacerbated by morpho-
logical configurations such as canyon-like streets that 
have been shown to restrict ventilation and trap pol-
lutants at the pedestrian level (Khellaf et  al., 2025). 
Such localized environmental stressors highlight the 
need to move beyond traditional, qualitative land-
scaping and explore more technical, performance-
driven interventions.

Consequently, the objective of this research is to 
investigate the air purification potential of public gar-
dens in Guelma through the exploration of parameter-
ized biophilic design scenarios. By utilizing a predic-
tive modeling framework, this study evaluates various 
combinations of high-efficiency vegetation layers, 
integrated water features, and engineered surfaces to 
identify optimized protocols for pollutant mitigation. 
Rather than a purely aesthetic approach, this study 
seeks to provide a theoretical and practical basis for 
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reimagining public garden as an active environmental 
infrastructure capable of responding to the specific air 
quality demands of the Mediterranean urban fabric.

Case study

The global trend of urban environmental degrada-
tion is mirrored in Guelma (Ramdane et  al., 2025), 
a verdant, mountainous city in northeastern Algeria. 
The city is experiencing a marked exacerbation of 
concerns regarding air quality, driven by intensified 
urbanization and industrial expansion. Data from the 
National Observatory for Environment and Sustain-
able Development indicate that ambient levels of fine 
particulate matter (PM) and carbon dioxide (CO2) 
have risen significantly since the  2000 s, exceed-
ing the World Health Organization’s (WHO) annual 
average guidelines by 2023. Furthermore, a dramatic 
increase in the number of vehicles over the past dec-
ade (Smieszek et al., 2021; Bechlem et al., 2024) has 
compounded issues such as traffic congestion and 
associated atmospheric pollution. These anthropo-
genic suspended particles originate primarily from 
a variety of sources, including road traffic, industrial 
processes, and commercial activities, as well as resi-
dential heating and cooking (Gehanno et al., 2020).

Public gardens serve as vital recreational and 
ecological refuges within dense urban areas, a role 
particularly critical during warm climatic periods 
(Bechlem et  al., 2025). In the city of Guelma, these 
green spaces exhibit significant heterogeneity in their 
design, including their adjacency to traffic arteries, 
internal vegetation structure, and integration within 
the urban matrix. These variations necessitate a sys-
tematic investigation into how specific design attrib-
utes influence microclimatic conditions and air qual-
ity. Therefore, this study aims to quantitatively assess 
the functional efficacy of different public garden 
designs in Guelma for mitigating concentrations of 
PM2.5, PM10, and CO2 at the microscale. The central 
research question is how do the composition and spa-
tial configuration of biophilic elements within a pub-
lic garden’s design determine its efficacy in reducing 
ambient PM2.5, PM10, and CO2 concentrations?

This research is predicated on the hypothesis that 
the efficacy of biophilic design in capturing air pollut-
ants is a quantifiable function of its specific character-
istics. Employing a controlled, bottom-up simulation 

approach, this study systematically modulates key 
variables including vegetation type and density, green 
coverage ratio, and the configuration of blue infra-
structure and natural soils. This methodology within 
this conditions enables the precise isolation and quan-
tification of their individual and synergistic impacts 
on the sequestration of PM2.5, PM10, and CO2. The 
ultimate objective is to develop an optimized model 
for biophilic design that yields evidence-based guide-
lines for maximizing the air quality enhancement 
function of urban green spaces.

Research methodology and materials

This study employs an integrated bottom-up method-
ology to quantify the impact of urban garden design 
on ambient air quality, aligning with contemporary 
research on biophilic urbanism (Djouad, 2021; Beat-
ley & Newman, 2013). The research is structured 
as a case study of three public gardens in Guelma, 
selected based on criteria of vegetation cover, traf-
fic intensity, and frequency of use. The methodol-
ogy comprises three sequential phases (Fig.  1). The 
initial phase involves a detailed site characterization 
through the calculation of landscape configuration 
indices (e.g., biophilic ratios) and an in situ environ-
mental monitoring campaign measuring PM2.5 and 
PM10 concentrations. Subsequently, these empirical 
data are used to calibrate and validate a high-fidelity 
ENVI-met microclimate model. The validated model 
is then employed to simulate CO2 fluxes (sequestra-
tion and emission). In the final phase, the calibrated 
model is used to develop and test optimized design 
scenarios, with the goal of identifying configurations 
that maximize the capture and sequestration of PM2.5, 
PM10, and CO2.

This approach, which integrates spatial analysis, 
field monitoring, and computational simulation, res-
onates with methodologies used in recent localized 
studies of biophilic design, such as the work of Ris-
tianti et  al. (2024), which combined spatial analysis 
with in situ particulate matter monitoring.

Spatial and biophilic analysis of the case study

Three public gardens in Guelma were selected as case 
studies based on criteria including the distinct pres-
ence of biophilic design elements and their variable 
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proximity to vehicular traffic (Bouhallit et al., 2024). 
To quantitatively characterize the design and con-
text of each site, key biophilic and spatial ratios were 
derived and are presented in Table 1. A complemen-
tary qualitative assessment of spatial and architectural 
quality was conducted through systematic field sur-
veys (Zahra et al., 2025). This evaluation documented 
critical structural components of the urban fabric (Hu, 
2017; Bechlem et al., 2025), with a specific focus on 
urban form, vegetation structure, surface material 
properties, and the implementation of biophilic fea-
tures (Boulekbache-Mazouz, 2008).

Field measurement protocol for air quality

Air quality was assessed through a systematic in situ 
monitoring campaign across the three selected pub-
lic gardens (Redondo Bermúdez et  al., 2023). The 
campaign was conducted over four representative 
summer days in June, with measurements recorded 
at 2-h intervals at five pre-established stations within 
each garden. The placement of these stations was 
determined by multiple site-specific factors, includ-
ing orientation, substrate type, vegetation density and 
typology, and proximity to vehicular traffic arteries. 
Particulate matter concentrations (PM2.5 and PM10) 
were measured using a PCE-MPC 20 Air Sampler, 
which provides data with a resolution in μg/m3. This 

instrument is specifically designed for quantifying 
ambient concentrations of suspended fine particulate 
matter. The device delivers precise numerical data 
and features a color-coded display for rapid qualita-
tive assessment against established air quality indices, 
enabling immediate interpretation of concentration 
thresholds during the fieldwork.

ENVI‑met model configuration and validation for 
pollutant dispersion

The ENVI-met software, a three-dimensional micro-
climate model based on computational fluid dynam-
ics, was employed to simulate urban environmental 
conditions (J. Liu et al., 2021). This tool applies the 
fundamental laws of fluid dynamics and thermody-
namics to simulate a range of microclimatic param-
eters, including air temperature, humidity, wind flow, 
radiation, and pollutant dispersion. For this study, 
the simulation domain was configured as a stand-
ard 50 × 50 × 30 grid with a spatial resolution of 
5 m × 5 m × 3 m per cell.

The simulation was designed to model the disper-
sion of particulate matter (PM) in Guelma, Algeria 
(36.46° N, 7.43° E) over a 14-h diurnal cycle start-
ing at 07:00 local time (Table  1). Initial meteoro-
logical conditions, sourced from Meteonorm data, 
were configured to represent a scenario of limited 

Fig. 1   Research methodology. Source: authors (2025)
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atmospheric dispersion. This was characterized by 
light easterly winds (2.0  m/s at 10  m height) and a 
low surface roughness length (0.01  m), conditions 
that inhibit pollutant advection and dilution. The sig-
nificant diurnal temperature range (17.0–41.7 °C) and 
relative humidity fluctuation (17.0–75.5%) reflect a 
semiarid summer climate, promoting strong daytime 
convective mixing. Model simplifications included a 
constant building temperature (25.0 °C) to streamline 
near-field dynamics, and PM was simulated with a 
standardized density of 1.00 g/cm3. Receptor outputs 
were configured at 30-min intervals to capture high-
resolution temporal data on ground-level concentra-
tions, framing an analysis focused on peak exposures 
under poor ventilation potential (Table 1).

Traffic emission sources were configured based on 
data obtained from the Transport Administration of 
Guelma. Emissions were explicitly modeled as line 
sources along the main roads adjacent to the study 
sites using ENVI-met’s Traffic Toolbox (Table  1). 

Emission factors for relevant pollutants (g/km per 
vehicle) were adopted from the ENVI-met database. 
CO2 emissions are calculated internally by the model 
based on vehicle type and default fuel consumption 
assumptions. No anthropogenic respiration sources 
were explicitly modeled, as ENVI-met does not 
include this process by default and its contribution at 
the microscale was considered negligible relative to 
traffic emissions. The atmospheric background CO2 
concentration was set to 400 ppm in all simulations, 
consistent with typical open urban environments. 
This value was configured in the ENVI-met “Atmos-
pheric CO2 Background” settings within the ENVI-
guide interface.

To ensure the reliability of the ENVI-met simulations, 
a systematic calibration was performed by adjusting the 
inflow boundary conditions specifically wind speed and 
initial pollutant concentrations to match the meteorologi-
cal conditions recorded during the field campaign in the 
Guelma gardens. Validation of PM2.5 was conducted using 

Table 1   Input data for the 
ENVI-met model

Start and duration of mode run Input data

Start date of simulation 06–09/06/2024-
Start time 07:00:00
Total simulation times (hours) 14
Initial meteorological conditions Meteonorm file
Wind speed at 10 m heigh (m/s) 2
Wind direction (deg) 90
Roughness length at measurement site 0.01
Min and max temperature of atmosphere (°C) 17 min–41.7 max
Min and max relative humidity in 2 m (%) 17 min–75.5 max
Building temperature 25 °C (constant)
Output intervals 2 h
Receptors and buildings (min) 30
All other files (min) 60
Name of location Guelma, Algeria
Latitude (deg, + N, −S) 36.46
Longitude (deg, −W, + E) 7.43
Time zone CET/UTC + 1
Time reference longitude 15
Type of pollutants Particulate matter
Particle density (g/cm3) 1.00
Road type Inner-urban road
Daily traffic volume (DTV) 800,000 vehicles per 24 h
Number of lanes 2
Passenger cars (PCs), light duty vehicles (LDVs), heavy duty 

vehicles (HDVs), motorcycles (MCs), urban buses, coaches
37%, 5%, 2.5%, 15.5%, 20%, 15%
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a temporal subset of the field data that was maintained 
independently from the initial model forcing parameters, 
ensuring that the high statistical agreement reflects the 
model’s predictive capacity rather than a simple reproduc-
tion of input data. Statistical performance was assessed 
using the root mean square error (RMSE) and the coeffi-
cient of determination (R2), providing a quantitative meas-
ure of the simulation’s ability to track diurnal fluctuations.

This rigorous approach used a set of performance 
metrics essential in environmental modeling to certify 
the model’s accuracy. The ENVI-met model was vali-
dated through a comparative statistical analysis between 
in situ measured fine particle concentrations and simu-
lated values. This process employed established perfor-
mance metrics to rigorously evaluate model accuracy.

A primary metric was the root mean square error 
(RMSE), which quantifies the average magnitude of 
the prediction errors. A lower RMSE value indicates a 
closer agreement between the simulated and observed 
data, thereby ensuring the model’s predictive accuracy.

Mean absolute error (MAE): This provides a more 
direct assessment of the mean error that is less sensitive 
to outliers, acting as a reliable complement to RMSE.

The coefficient of determination (R2): This metric 
evaluates the proportion of variance in the measured data 
explained by the model. An R2 value approaching 1 indicates 
a strong linear relationship and high predictive performance.

Index of agreement (d) (Willmott et al., 1985): This 
dimensionless statistic measures the degree of model-
prediction agreement, standardized by the potential 
error. A value near 1 denotes near-perfect concordance 
between simulated and observed trends.

Design of mitigation scenarios

This study employs a prospective modeling proto-
col to quantify the impact of biophilic infrastructure 
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on the mitigation of atmospheric pollutants (PM2.5, 
PM10, and CO2). The protocol is structured around 
two strategic axes, each comprising three parameter-
ized scenarios.

The first axis, “enhancement of existing vegeta-
tion,” focuses on augmenting the site’s inherent veg-
etative capital:

Scenario 1: Increased green cover density: evalu-
ates the impact of quantitatively increasing exist-
ing plant biomass.
Scenario 2: Diversified green cover: explores the 
effect of enhancing ecological complexity by intro-
ducing diverse plant species and strata (e.g., trees, 
shrubs, turf).
Scenario 3: Integration of water features: models 
the introduction of water bodies or wetland areas 
to diversify pollutant capture pathways (Fig. 1).
The second axis, “optimization of biophilic design 
components,” investigates targeted modifications 
to the landscape’s physical and aerodynamic prop-
erties.
Scenario 4: Reconfiguration of vegetation place-
ment: modifies the spatial arrangement of veg-
etation to optimally interact with prevailing wind 
flows.
Scenario 5: Modification of vegetation type: 
involves substituting species to select those with 
foliar morphologies and architectures most effec-
tive for particulate retention.
Scenario 6: Modification of ground surface mate-
rials: focuses on altering pavement and soil prop-
erties to influence surface thermodynamics and 
hydrology, thereby affecting pollutant dispersion 
and deposition (Table 2).

Scenario implementation and ENVI‑met 
parameterization

To ensure the scientific reproducibility of the bio-
philic interventions, the transition from the base-
line configuration to the proposed scenarios was 
executed through systematic reparameterization of 
the ENVI-met Albero and Database systems. Each 
scenario was defined by a specific set of thermo-
physical and biological constants, as summarized 
in Table  2, rather than by qualitative vegetation 
descriptors.
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Vegetation substitutions, including the replace-
ment of Washingtonia palms with Platanus × aceri-
folia, were modeled by adjusting the vertical profiles 
of leaf area density (LAD) across five vertical nodes. 
These adjustments were configured to represent the 
structural characteristics of each species within the 
urban canopy layer. Biological parameters, includ-
ing stomatal resistance and leaf transmissivity, were 
assigned values consistent with the physiological and 
radiative properties of Mediterranean species.

The spatial configuration of vegetation within each 
garden was quantified using established biophilic 
indicators. The urban forest index was applied to 
regulate canopy closure at a target threshold of 60%, 
while the ecological landscaping plot ratio (Rg) was 
employed as a weighted metric for assessing poten-
tial CO2 concentration dynamics. Material modifica-
tions, such as the integration of shallow water bodies 
and porous concrete pavements, were defined by their 
physical properties, including specific heat capacity, 

Table 2   The three gardens’ actual situation and the proposed one

Gardens Actual situation The proposed 

Kabailia Lakhder Garden

Vegetation type : Washingtonia

palm, a palm tree with a large 

trunk.

To meet the 

60% Urban 

Forest Index

goal, the total 

projected 

surface area of 

the tree canopy 

must be 

increased to 

5062.5828 m²

Vegetation 

changed type to: 

London Plane 

(Platanus x 

acerifolia / 

Platanus 

orientalis), 

Silver Maple, 

Oak Species.

Les frères Boulmokh Garden

Vegetation type: Himalayan Fir pin 

tree, Washingtonia palm, The 

common ash tree.

To meet the 

60% Urban 

Forest Index

goal, the total 

projected 

surface area of 

the tree canopy 

must be 

increased to 

5758.33 m²

Vegetation 

changed type to: 

London Plane 

(Platanus x 

acerifolia / 

Platanus 

orientalis), 

Silver Maple, 

Oak Species.

Ben Mihoub Hassen

Vegetation type: Himalayan Fir pin 

tree, Washingtonia palm.

To meet the 

60% Urban 

Forest Index

goal, the total 

projected 

surface area of 

the tree canopy 

must be 

increased to 

3542.981m².

Vegetation 

changed type to: 

London Plane 

(Platanus x 

acerifolia / 

Platanus 

orientalis), 

Silver Maple, 

Oak Species.
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albedo, and aerodynamic roughness length (z0). This 
level of parameterization ensures that the simulated 
microclimatic and air quality outcomes are attribut-
able to reproducible, physically based emission and 
dispersion processes.

Results

Simulated CO2 concentrations

It is important to note that while the model outputs 
for PM2.5 and PM10 were validated against in  situ 
measurements from the field campaign, CO2 concen-
trations were not directly observed. Accordingly, the 
CO2 results presented herein are derived from simula-
tions that rely on the internal biogenic and dispersion 
algorithms of the modeling software. Boundary con-
ditions for CO2 were initialized using a standardized 
urban background concentration 400  ppm and were 
subsequently modulated to incorporate local traf-
fic emission sources as characterized by the Guelma 
Transport Administration. These simulations should 
therefore be interpreted as scenario-based estimates 
that illustrate the relative performance of the pro-
posed biophilic interventions. They are not intended 
to represent absolute flux accounting or verified car-
bon sequestration but rather to provide an explora-
tory assessment of potential concentration dynamics 
under specified assumptions. Crucially, it is necessary 
to distinguish between the various mechanisms influ-
encing CO2 in this study; the results primarily reflect 
concentration changes driven by aerodynamic disper-
sion and localized microclimatic shifts, rather than 
immediate biological uptake or long-term sequestra-
tion. Given that these values were derived from mod-
eling assumptions without direct field validation, they 
are presented as an exploratory assessment of poten-
tial concentration dynamics rather than absolute flux 
accounting. The actual performance of these inter-
ventions in terms of verified carbon sequestration 
would require long-term monitoring of vegetative 
maturation and biomass accumulation, which falls 
outside the temporal scope of this diurnal simulation.

The simulated CO2 time profiles in the three gar-
dens indicate that local emission patterns and aerody-
namic constraints have a greater influence on local-
ized concentration dynamics than the potential carbon 
sequestration capacity of vegetation (Table  3). It 

should be noted that the Kabailia Lakhder Garden had 
the most favorable atmospheric conditions, with the 
lowest average simulated concentration (378.61 ppm) 
and a maximum peak of only 399.00 ppm. This sug-
gests that its spatial configuration facilitates effective 
atmospheric dispersion and minimizes the accumu-
lation of anthropogenic emissions. Conversely, the 
Les Frères Boulmokh Garden, located near busy traf-
fic arteries, showed the highest temporal variability, 
reaching a maximum concentration of 409.00  ppm 
during rush hour. This highlights the impact of local-
ized and intense sources of pollution on the garden’s 
microclimate. It is worth noting that the Ben Mihoub 
Hassen Garden recorded the highest average CO2 
concentration (390.92 ppm), despite having the high-
est biomass density. A detailed temporal analysis (see 
supplementary file) reveals that the dense canopy, 
although conceptually intended for sequestration, 
likely contributes to restricting air circulation and cre-
ating “stagnation zones,” thus preventing the dilution 
of high background emissions. These results are sup-
ported by the data collected every 2 h (Table 3).

The values that exceeded 400  ppm represent 
localized, microscale concentrations within and 
immediately adjacent to dense vegetation patches, 
particularly during periods of low wind speed and 
high atmospheric stability. Under such conditions, 
reduced vertical mixing and canopy-induced stag-
nation can lead to local CO2 accumulation from the 
combined effects of traffic emissions during peak 
hours contributing to local CO2 buildup, particularly 
in areas with limited ventilation, and plant respira-
tion, which in ENVI-met is modeled as a continuous 
source (with temperature dependence), accumulating 
under stagnant nighttime conditions when photosyn-
thetic uptake is absent. As CO2 was not measured 
in situ, these findings serve to illustrate the hypotheti-
cal influence of biophilic design on air quality trends 
under specified modeling assumptions.

Spatial and biophilic characterization via green 
indices

The capacity of urban green spaces to mitigate atmos-
pheric pollution is largely determined by the extent 
and configuration of their functional biomass. This 
study utilizes structural landscape indices to quanti-
tatively characterize the three case study gardens. The 
urban forest index, defined as the ratio of tree canopy 
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area to total garden area, serves as a primary indica-
tor of pollutant interception potential. The calcu-
lated UFCI values reveal significant disparities, with 
Les Frères Boulmokh Garden exhibiting the highest 
coverage (36.32%), followed by Ben Mihoub Has-
sen Garden (30.38%) and Jardin Kabailia Lakhder 
(21.75%) (Table 4).

Analysis of the lower vegetation strata and the 
total vegetation ratio (TVR) allows for further differ-
entiation between the sites. The Ben Mihoub Hassen 
Garden has the highest TVR (25.4%), a value mainly 
due to its shrub cover (14.4%). In comparison, the 
Kabailia Lakhder Garden recorded a TVR of 4.5%, 
consisting of 1.96% herbaceous cover and 2.56% 
shrub cover. These measurements reflect the predomi-
nance of impervious surfaces at the Kabailia Lakhder 
site, which influences its ability to carry out processes 
such as dry deposition and microclimate regulation. 
Overall, the data presented in Table 5 characterize the 
variation in multilayered vegetation between the three 
designs, thus establishing the structural basis for their 
respective potential for fine particle capture and CO2 
reduction.

Regarding the evaluation of vegetation vigor, this 
study clarifies that the NDVI values recorded across 
the studied gardens range primarily between 0.3 and 
0.4 (Fig.  2), with localized peak areas reaching 0.5. 
While these values fall within a range common to 
many urban environments, they are interpreted herein 
as an indicator of “latent ecological capacity” rather 
than absolute structural failure.

It is essential to distinguish between NDVI, a spec-
tral measure of chlorophyll activity and plant health, 
and leaf area index (LAI), which represents the three-
dimensional structural density critical for aerody-
namic pollutant capture. The relationship between 
NDVI and LAI is established as nonlinear; spectral 
indices like NDVI tend to saturate at moderate bio-
mass levels, whereas LAI continues to provide a more 
accurate metric for the physical surface area avail-
able for dry deposition and wind-flow modification. 
For the quantitative support for the transition from 
spectral observations to structural modeling, the base-
line leaf area index (LAI) was derived from observed 
normalized difference vegetation index (NDVI) val-
ues. This was achieved using an empirical exponen-
tial relationship established for Mediterranean veg-
etation, following the approach validated in similar 

environments (Fan et  al., 2009; Padró et  al., 2019) 
LAI = a.eb.NDVI.

Within the ENVI-met simulation framework, the 
observed NDVI (Fig. 2) values (0.3–0.5) served as a 
baseline to inform the initial biological health param-
eters. However, the subsequent pollutant mitigation 

Table 4   Concentrations of CO2 measured by ENVI-met each 
2 h in the three gardens in 4 days

CO2 ppm data/
time of simula-
tion

Day 1 Day 2 Day 3 Day 4

Ben Mihoub Hassen Garden
Station A 8:00 AM 358 348 353 360

10:00 AM 364 358 362 359
12:00 AM 418 413 414 419
2:00 PM 368 348 363 370
4:00 PM 457 438 443 458
6:00 PM 456 448 453 457
8:00 PM 420 411 415 418

Station B 8:00 AM 350 338 343 351
10:00 AM 348 328 343 345
12:00 AM 410 406 409 410
2:00 PM 353 348 351 354
4:00 PM 455 454 453 451
6:00 PM 456 355 453 386
8:00 PM 420 418 419 421

Station C 8:00 AM 348 331 341 353
10:00 AM 346 334 344 348
12:00 AM 406 382 383 409
2:00 PM 341 328 339 349
4:00 PM 454 473 460 483
6:00 PM 453 438 443 454
8:00 PM 410 406 347 453

Station D 8:00 AM 314 310 313 318
10:00 AM 328 318 323 333
12:00 AM 378 379 381 383
2:00 PM 328 318 323 332
4:00 PM 410 409 406 413
6:00 PM 406 386 390 410
8:00 PM 386 368 373 388

Station E 8:00 AM 348 353 350 358
10:00 AM 353 354 357 364
12:00 AM 398 390 393 403
2:00 PM 331 350 340 350
4:00 PM 463 473 462 473
6:00 PM 453 476 473 458
8:00 PM 407 333 353 413
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analysis is fundamentally driven by the simulated LAI 
and crown morphology, which govern the mechani-
cal processes of particle interception. The literature 
supports this distinction, noting that while NDVI 
reflects photosynthetic potential and biomass vigor, 
the actual efficiency of PM2.5 and CO2 reduction is 
more directly correlated with structural complexity 
and total leaf surface area (Nowak et al., 2014).

ENVI‑met model calibration and validation

The high statistical agreement observed in this study 
(d > 0.99) is attributable to the resolution and quality 

Table 4   (continued)

CO2 ppm data/
time of simula-
tion

Day 1 Day 2 Day 3 Day 4

Les Frères Boulmokh Garden
Station A 8:00 AM 360 350 355 362

10:00 AM 366 360 364 361
12:00 AM 420 415 416 421
2:00 PM 370 350 365 372
4:00 PM 459 440 445 460
6:00 PM 458 450 455 459
8:00 PM 422 413 417 420

Station B 8:00 AM 352 340 345 353
10:00 AM 350 330 345 347
12:00 AM 412 408 411 412
2:00 PM 355 350 353 356
4:00 PM 457 456 455 453
6:00 PM 458 357 455 388
8:00 PM 422 420 421 423

Station C 8:00 AM 350 333 343 355
10:00 AM 348 336 346 350
12:00 AM 408 384 385 411
2:00 PM 343 330 341 351
4:00 PM 456 475 462 485
6:00 PM 455 440 445 456
8:00 PM 412 408 349 455

Station D 8:00 AM 316 312 315 320
10:00 AM 330 320 325 335
12:00 AM 380 381 383 385
2:00 PM 330 320 325 334
4:00 PM 412 411 408 415
6:00 PM 408 388 392 412
8:00 PM 388 370 375 390

Station E 8:00 AM 350 355 352 360
10:00 AM 355 356 359 366
12:00 AM 400 392 395 405
2:00 PM 333 352 342 352
4:00 PM 467 475 464 475
6:00 PM 457 478 475 460
8:00 PM 411 335 355 415

Kabailia Lakhder Garden
Station A 8:00 AM 350 340 345 352

10:00 AM 356 350 354 351
12:00 AM 410 405 406 411
2:00 PM 360 340 355 362
4:00 PM 449 430 435 450
6:00 PM 448 440 445 449
8:00 PM 412 403 407 410

Table 4   (continued)

CO2 ppm data/
time of simula-
tion

Day 1 Day 2 Day 3 Day 4

Station B 8:00 AM 342 330 335 343

10:00 AM 340 320 335 337

12:00 AM 402 398 401 402

2:00 PM 345 340 343 346

4:00 PM 447 446 445 443

6:00 PM 448 347 445 378

8:00 PM 412 410 411 413
Station C 8:00 AM 340 323 333 345

10:00 AM 338 326 336 340
12:00 AM 398 374 375 401
2:00 PM 333 320 331 341
4:00 PM 446 465 452 475
6:00 PM 445 430 435 446
8:00 PM 402 398 339 445

Station D 8:00 AM 306 302 305 310
10:00 AM 320 310 315 325
12:00 AM 370 371 373 375
2:00 PM 320 310 315 324
4:00 PM 402 401 398 405
6:00 PM 398 378 382 402
8:00 PM 378 360 365 380

Station E 8:00 AM 340 345 342 350
10:00 AM 345 346 349 356
12:00 AM 390 382 385 395
2:00 PM 323 342 332 342
4:00 PM 457 465 454 465
6:00 PM 447 468 465 450
8:00 PM 401 325 345 405
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of input data used to initialize the ENVI-met envi-
ronment. Rather than relying on generalized regional 
meteorological station data which may inadequately 
represent microclimatic variability within hetero-
geneous urban fabrics, the model was configured 
using a full simple forcing strategy. This approach 
utilized hourly air temperature, relative humidity, 

and background pollutant concentrations (PM2.5 
and PM10) derived from in  situ field measurements 
recorded during the 4-day study period (Fig. 3). The 
study employed strict separation of calibration and 
validation datasets: Data from the initial 24-h cycle 
were used for model calibration through boundary 
condition forcing, while independent observations 

Table 5   The diversified green ratios for the three gardens

The garden’s 
name

Total tree 
canopy 
surface

Total 
garden’s 
surface

Urban for-
est index

Grass area 
(m2)

Shrub area 
(m2)

Total area 
(m2)

Grass ratio 
(%)

Shrub ratio 
(%)

Total 
vegetation 
(%)

Kabailia 
Lakhder

1835.11 8437.638 21.75% 165.85 216.004 8437.638 1.96% 2.56% 4.5%

Les Frères 
Boulmokh

3486.061 9597.224 36.32% 1268.36 1056.436 9597.224 13.2% 11.0% 24.2%

Ben Mihoub 
Hassen

3634.476 11,962.428 30.38% 1310.473 1724.16 11,962.428 11.0% 14.4% 25.4%

Fig. 2   Normalized difference vegetation index (NDVI) obtained from the study area. Taken from the open-access web EO Browser 
(https://​apps.​senti​nel-​hub.​com/​eo-​brows​er/)

https://apps.sentinel-hub.com/eo-browser/
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from the subsequent three days comprising 72 paired 
hourly observations per site (n = 216 total) were 
reserved for statistical validation. Temporal align-
ment was achieved through synchronization of the 
model’s 60-min output intervals with physical data-
logger timestamps.

Field measurements were conducted using a PCE-
MPC 20 Air Sampler, which features a PM meas-
urement resolution of 1  μg/m3 and a manufacturer-
specified instrumental uncertainty of ± 10%. For fine 
particulate matter (PM2.5), the model consistently 
reproduced temporal dynamics across all sites, as 
indicated by an R2 value approaching 1.00. However, 
residual error analysis revealed localized system-
atic offsets that varied by location: Kabailia Lakhder 
Garden exhibited a mean absolute error (MAE) of 
4.29  μg/m3 and root mean square error (RMSE) of 
4.63  μg/m3, while Jardin Boulmokh and Jardin Ben 
Mihoub showed convergence between MAE and 
RMSE at 2.00  μg/m3 and 5.00  μg/m3, respectively. 
This convergence indicates the presence of constant 
systematic bias in model output specifically, a nega-
tive offset of − 2 μg/m3 at Jardin Boulmokh and a pos-
itive offset of + 5 μg/m3 at Jardin Ben Mihoub. These 
offsets fall within the ± 10% instrumental uncertainty 
range of the PCE-MPC 20 device, and the high R2 
value confirms that these discrepancies represent con-
sistent linear shifts rather than stochastic error. Con-
sequently, while quantifiable offsets exist, the model 
effectively simulates relative temporal patterns and 
variability of PM2.5 concentrations throughout the 
study period.

Efficacy of design scenarios on PM concentrations

The modeling phase seeks to explore the potential 
influence of biophilic design on particulate mat-
ter concentrations. Particular attention is given to 
vegetative parameters, with the aim of investigating 
whether attributes such as density, type, diversity, or 
placement of green cover may have a larger effect 
on air quality besides water features or ground sur-
face materials. To support this exploration, six indi-
vidual scenarios (S1–S6) are proposed. Each scenario 
is assigned a tentative identifier and described in 
Table 2, along with its key parameters and associated 
parameterization tables. An overview of these scenar-
ios is provided below.

S1—increased green cover density
S2—diversified green cover
S3—water features
S4—reconfiguration of vegetation placement
S5—modification of vegetation type
S6—modification of ground surface materials

In addition, combined scenarios are simulated to 
examine whether applying multiple interventions 
together could yield further reductions in pollutant 
concentrations. Each combined scenario is tentatively 
defined as a combination of individual scenarios.

Scenario S1 (increased green cover coverage) 
explores whether elevating the urban forest index to 
a target of 60% may address the identified biomass 
deficit. This densification is simulated to examine the 
potential impact of maximizing the leaf area index 
(LAI) on the removal of PM2.5 and PM10 via dry 
deposition, as well as the possible increase in CO2 
reduction.

Scenario S2 (diversified green cover) investigates 
whether introducing complete vegetative stratifica-
tion could expand upon quantitative increases in 
green cover. This simulation integrates dense shrub 
and herbaceous layers alongside specific tree species 
recognized for their pollutant-capture efficacy, includ-
ing Platanus × acerifolia, Acer saccharinum, and 
Quercus spp. This multilayered approach is explored 
for its potential to increase surface roughness, disrupt 
airflow, and enhance particulate interception across 
vertical strata.

Scenario S3 (water features) is simulated to 
explore the extent to which aquatic elements may 
contribute to reducing ambient airborne particulate 
matter (Table 6).

Scenario S4 (reconfiguration of vegetation place-
ment) examines whether applying principles of aero-
dynamic urbanism specifically, strategically reposi-
tioning vegetation to interact with prevailing winds 
could enhance pollutant interception and dispersion.

Scenario S5 (modification of vegetation type) 
explores the potential impact of altering biomass 
morphology by substituting existing low-LAI spe-
cies (e.g., palms) with species characterized by higher 
foliage density, including Platanus × acerifolia, Acer 
saccharinum, and Quercus spp. This taxonomic sub-
stitution is simulated to investigate whether complex 
foliar morphology and higher LAI may enhance 
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RMSE ( g/m3)5.202, MAE
( g/m3)3.143, R20.997, 
(d)0.999

Day 02: RMSE ( g/m33.542, 
MAE ( g/m3)2.514, 
R20.988, (d)0.997

RMSE 
MAE 
R20.987, (d)0.997

Day 04: RMSE 
 MAE 

R20.965, 
(d)0.991

Day 02: 

Day 04: 

Day 02: 

Day 04: 

Fig. 3   Temporal validation of modeled PM2.5 concentrations 
at the studied gardens. Time-series plots for four consecutive 
days show the comparison between ENVI-met simulated data 
(gray line) and in  situ measured data (red line). Daily perfor-
mance metrics (root mean square error [RMSE], mean abso-

lute error [MAE], and coefficient of determination [R2]) are 
annotated on each subplot. The high R2 values (≥ 0.976) and 
low error metrics demonstrate the model’s strong capability 
in replicating the temporal dynamics of PM2.5 concentrations. 
Source: authors (2025)
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particulate capture and provide improved thermal 
regulation within the urban canopy (Fig. 4).

Scenario S6 (modification of ground surface 
materials) simulates the potential effect of replac-
ing impervious and mineral surfaces with permeable 
alternatives, such as stabilized permeable pavements 
and biophilic mulch. The key mechanistic param-
eter in this exploratory simulation is the aerody-
namic roughness length (z0), provisionally adjusted 
to 0.15  m. This increase in surface roughness is 

explored for its potential to enhance near-ground air 
friction and localized turbulence, which may promote 
the interception and sedimentation of particulate mat-
ter by reducing its advective transport (Fig. 4).

Discussion

Initial simulation results (the temporal evolu-
tion of PM2.5, PM10, and CO2 for all scenarios is 

Fig. 4   Comparison of six simulated scenarios (average values), against daily baseline concentrations across all study sites. Source: 
authors 2025
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illustrated in Figs. 4 and 5; for a precise quantitative 
comparison, the full numerical datasets at 2-h inter-
vals are provided in the Supplementary Information 
(Tables 6–9)) for the high-exposure site indicate per-
sistently elevated particulate matter concentrations, 
with relatively slight performance differentiation 
among the initial intervention scenarios (e.g., dense 
vs. diversified canopy). These data suggest that, 
under the specific summer meteorological conditions 
modeled, strategies focused primarily on increasing 
the volumetric density of greenery or incorporating 
aquatic elements (while common in urban green-
ing) may yield diminishing returns when subjected 
to substantial urban pollution fluxes. This observa-
tion is significant, as it underscores the importance of 
moving beyond purely quantitative vegetation provi-
sion toward a design approach that integrates specific 
aerodynamic and biochemical mechanisms governing 
pollutant capture within high-traffic contexts.

Subsequent analysis indicates that the selection of 
vegetation functional types (Scenario 05) represents a 
significant variable for localized air quality improve-
ment. In the modeled environments, this scenario 

consistently demonstrated higher mitigation potential 
for PM2.5 (Fig. 4), PM10, and CO2 compared to spa-
tial reconfiguration alone (Scenario 04). These find-
ings support the hypothesis of a bottom-up approach, 
suggesting that intrinsic plant properties such as foliar 
morphology and leaf area index may be more influ-
ential predictors of intervention performance than 
structural layout or the addition of ancillary elements 
like water features and engineered soils within these 
specific urban configurations (Fig. 5).

The simulated CO2 concentration results align 
with this hierarchy of effectiveness, though the mag-
nitude of reduction was less pronounced than for par-
ticulate matter. This discrepancy is likely attributable 
to the dual nature of CO2 mitigation, which involves 
both atmospheric dispersion and simulated biologi-
cal uptake. While CO2 was not measured in the field 
campaign, these modeled results are presented as 
exploratory indicators of how design changes might 
influence gas concentrations (Fig. 5). Consistent with 
the PM findings, the optimized vegetation type sce-
nario (Scenario 05) maintained the lowest CO2 con-
centrations. This convergence suggests that targeted 

Fig. 5   Comparison of six simulated scenarios of CO2 (average values), against daily baseline concentrations across all study sites. 
Source: authors 2025
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biophilic strategies may generate synergistic coben-
efits, although the absolute magnitude of these reduc-
tions remains contingent upon the model’s internal 
biological assumptions and background boundary 
conditions.

Analysis of the initial scenarios (01, 02, 03) sug-
gests that specific vegetation types may yield the 
highest mitigation efficacy, indicating species selec-
tion as a key predictive factor. A more granular exam-
ination of the advanced design scenarios (04, 05, 06) 
reveals a notable nuance: The performance curves 
for denser green cover and water features are nearly 
superimposed, both exhibiting marginally higher pol-
lution levels than the diversified green cover scenario. 
This indicates that, within the specific microclimatic 
context of Jardin de Boulmokh, interventions focused 
solely on increasing canopy density or introducing 
aquatic elements may not significantly alter local-
ized concentration fields of PM2.5 or CO2. Therefore, 
within the limited microclimatic context of Jardin 
de Boulmokh during the study period model, miti-
gation efficacy appears to be less a function of bio-
mass quantity or the presence of water features and 
is instead influenced more directly by strategic taxo-
nomic selection.

Findings of scenarios for Jardin Ben Mihoub sug-
gest a distinct determinant of efficacy. Within this 
specific simulation, the reconfiguration of vegetation 
(Scenario 04) exhibited the highest performance for 
PM reduction, exceeding the optimized vegetation 
type (Scenario 05). A potential functional trade-off 
is indicated through the exploratory analysis of CO2. 
While Scenario 05 maintains the lowest CO2 levels, 
a result driven by the model’s assumptions regard-
ing species-specific physiology, the reconfiguration 
scenario ranks lower for CO2 mitigation despite its 
PM efficacy. This divergence suggests that an aero-
dynamic design optimized for particulate dispersion 
is not necessarily congruent with one optimized for 
lowering CO2 concentrations. Given that explicit car-
bon flux accounting was not conducted, these CO2 
findings remain assumption-dependent and empha-
size the complexity of multipollutant mitigation in 
unmeasured atmospheric fields.

Synthesis: multifactor impact on pollutant reduction

Modeling a composite biophilic intervention integrat-
ing increased vegetation density, stratified diversity, 

high-efficiency species, water features, and modified 
soil properties reveals a complex, context-dependent 
impact on atmospheric pollutants. The results, under 
the simulated conditions, demonstrate a pronounced 
and consistent reduction in particulate matter (PM2.5 
and PM10) across the studied gardens. In contrast, the 
response of carbon dioxide (CO2) was more variable 
and of a generally lower magnitude. This divergence 
reflects the distinct mechanistic pathways govern-
ing the removal of particulate pollution (primarily 
through dry deposition and aerodynamic effects) ver-
sus carbon reduction as summarized in Table 5.

The efficacy of the composite intervention was 
notably context-dependent. The most significant PM 
reductions were observed at Kabailia Lakhder Garden 
“baseline, low efficiency,” with simulated decreases 
of 78.4% for PM2.5 and 56.15% for PM10. This rela-
tive performance is attributed to the site’s favorable 
initial morphology, characterized by greater openness 
that appears to have facilitated enhanced air circula-
tion and the more effective dispersion and intercep-
tion of particles by the introduced vegetation. In con-
trast, the interventions yielded more moderate PM 
reductions at Jardins Les Frères Boulmokh “consoli-
dated/medium efficiency” (33.5% for PM2.5) and Ben 
Mihoub Hassen “compact/high efficiency” (19.7% 
for PM2.5). This performance disparity highlights the 
influence of extrinsic, site-specific factors. At Les 
Frères Boulmokh, proximity to high-traffic corridors 
generated a constant influx of emissions that may 
have saturated the mitigation capacity of the vegeta-
tion. For Ben Mihoub Hassen, the pre-existing dense 
vegetation and a potentially more enclosed urban fab-
ric likely limited the marginal gain of additional inter-
ventions and restricted pollutant dispersion through 
ventilative flushing, resulting in a potential contain-
ment effect. These findings, for the studied period, 
suggest that the existing urban morphology, including 
its openness and interaction with wind patterns, is a 
primary factor governing the efficacy of particulate 
matter mitigation strategies.

In the specific context of high-temperature summer 
days, the composite intervention yielded significantly 
lower and more variable reductions in CO2 concen-
trations (ranging from 2.05 to 10.15%) compared to 
those achieved for particulate matter (Table 5). This 
discrepancy stems from the fundamental difference 
in their removal mechanisms. Particulate matter is 
mitigated through immediate physical processes 
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dry deposition and impaction which are directly 
enhanced by increasing vegetative surface area and 
aerodynamic roughness. In contrast, CO2 removal is 
a long-term biochemical process dependent on pho-
tosynthetic concentration mitigation, a function con-
strained by total biomass and growth rates.

The simulated modest reductions indicate that 
while the intervention establishes a foundational car-
bon sink, its full concentration mitigation potential 
would likely be realized progressively as the plant 
community matures. The relatively higher perfor-
mance observed in the model at Ben Mihoub Hassen 
Garden (10.15% reduction) may be attributed to its 
pre-existing high vegetation density; the introduction 
of high-efficiency species served to potentially opti-
mize an already substantial photosynthetic baseline, 
yielding a more pronounced marginal gain within the 
simulation parameters.

To address the practical feasibility of achieving the 
proposed 60% urban forest index, this study reframes 
the target from a static design objective to a phased 
dynamic implementation framework structured 
across three temporal horizons: an establishment 
phase (0–5  years) focused on understory vegetation 
for immediate microclimatic benefits, a consolida-
tion phase (5–15  years) characterized by increasing 
leaf area index (LAI) and the progressive enhance-
ment of carbon concentration mitigation and par-
ticulate matter (PM) filtration, and a maturity phase 
(15–30 + years), where full biomass development 
allows the 60% urban forest index target to reach its 
maximum ecological expression (Table 6).

This longitudinal approach accounts for the non-
linear progression of ecosystem services, acknowl-
edging that the 60% urban forest index corresponds 
to a specific densification scenario aimed at maxi-
mizing canopy coverage within the available spatial 
envelope. To resolve potential conflicts between high 
vegetation density and urban spatial functionality, a 
vertical-horizontal layering strategy is proposed, inte-
grating vertical greening on adjacent facades and uti-
lizing high-canopy, “lifted” tree structures to optimize 
biomass volume without encroaching upon pedestrian 
circulation or social activity zones (Table 6).

By anchoring the urban forest index target within 
this phased growth model and prioritizing strategic 
vertical placement, the framework transforms a theo-
retically optimal index into a viable, actionable plan-
ning roadmap that balances operational constraints 

such as maintenance and land-use trade-offs with the 
requirement for long-term ecological resilience in the 
Mediterranean urban context of Guelma (Table 6).

Contribution analysis and ranking of intervention 
leverage

To isolate the individual contributions of the biophilic 
interventions for this specific period and meteorologi-
cal conditions, a comparative analysis of Scenarios 01 
through 06 was conducted across all study sites. This 
decomposition reveals that the mitigation of particu-
late matter (PM) and the concentration mitigation of 
carbon dioxide (CO2) are governed by a clear hierar-
chy of drivers, with aerodynamic reconfiguration and 
canopy density emerging as the primary levers of per-
formance within the study context.

The simulation data indicate that canopy densifi-
cation (Scenario 01) and aerodynamic reconfigura-
tion (Scenario 04) consistently yielded the most sig-
nificant reductions in pollutant concentrations. In the 
Kabailia Lakhder garden, which exhibited the high-
est overall percentage gains, the densification of the 
canopy acted as the primary driver by substantially 
increasing the deposition surface area and modify-
ing local airflow patterns. This confirms that aerody-
namic effects specifically the generation of turbulence 
and the reduction of wind speed through enhanced 
structural roughness constitute the most influential 
factors in capturing PM2.5 and PM10. Consequently, 
the primary driver for air quality improvement identi-
fied in this methodological framework in this study is 
the physical structure and density of the vegetation, 
rather than its specific biological classification.

The secondary driver identified is the optimized 
selection of vegetation type (Scenario 05). While 
the introduction of high-efficiency species provided 
measurable improvements, the magnitude of these 
gains was secondary to those achieved by density and 
aerodynamic reconfiguration alone. This suggests that 
although biological traits such as leaf surface texture 
and stomatal characteristics enhance filtration effi-
ciency, they cannot compensate for insufficient total 
biomass within the simulated environment. It should 
be noted that the perceived impact of these traits on 
CO2 remains exploratory, as the model primarily cal-
culates concentration shifts rather than long-term car-
bon assimilation.
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Diversified green cover (Scenario 01) and engi-
neered soil modification (Scenario 06) provided 
moderate tertiary benefits, primarily by stabilizing 
the microclimate and reducing ground-level particle 
resuspension. However, these interventions exhibited 
the least impact on the overarching CO2 and PM con-
centration curves. The limited response in CO2 levels 
further underscores that, under these diurnal mod-
eling assumptions, atmospheric dispersion driven by 
site morphology is the dominant factor influencing 
gas concentrations.

Notably, water features (Scenario 03) demon-
strated variable effectiveness; while beneficial for 
thermal cooling through evaporative processes, their 
contribution to particulate matter reduction remained 
marginal compared to vegetative interventions.

Conclusion

This study employed an integrated monitoring and 
modeling approach to evaluate the potential effective-
ness of biophilic design in mitigating atmospheric 
pollutants across three urban gardens in Guelma, 
Algeria. The findings of the studied period and spe-
cific meteorological conditions suggest that the per-
formance of green infrastructure is not simply a func-
tion of vegetation quantity but is largely determined 
by site-specific design parameters. While interven-
tions based solely on increasing generic green cover 
produced only marginal benefits within the model, 
the strategic selection of high-efficiency plant species 
(optimized vegetation type) emerged as a significant 
factor in reducing PM and enhancing CO2 concentra-
tion mitigation in two of the three sites. In the third 
garden, however, the spatial reconfiguration of veg-
etation to interact with local wind flows was indicated 
as the dominant factor in PM attenuation.

A key observation from this assessment is the 
potential functional divergence between optimal 
design for particulate matter filtration and for carbon 
dioxide concentration mitigation. This divergence 
highlights the importance of moving beyond one-
size-fits-all greening strategies. Instead, the results 
provide support for a performance-based design 
framework, informed by microclimate modeling, 
which emphasizes spatial configuration for immedi-
ate PM control and taxonomic selection for long-term 
carbon cycling.

While the findings are derived from an explora-
tory analysis based on a specific 4-day summer field 
campaign and a single diurnal simulation cycle, they 
offer a preliminary understanding of how combined 
biophilic interventions can demonstrate significant 
potential for immediate mitigation of particulate pol-
lution. Under these specific meteorological condi-
tions, their success was strongly linked to local urban 
morphology and proximity to emission sources. For 
CO2, these strategies represent a long-term invest-
ment, with concentration mitigation rates dependent 
on vegetative maturation. Consequently, within the 
limits of this temporal scope, this research suggests 
that effective urban air quality management benefits 
from a pollutant-specific and context-sensitive assess-
ment methodology. While further multiseasonal 
validation is required to support generalized design 
standards, these results illustrate that optimizing the 
ecosystem services of urban green spaces requires 
designs informed by the unique microclimatic and 
anthropogenic pressures of each site, aiming for 
measurable and sustainable improvements in urban 
environmental quality.

Research limits

The present study acknowledges several methodo-
logical constraints that should be considered when 
interpreting the results. First, the temporal scope of 
the simulations represents a specific diurnal cycle; 
however, air quality parameters particularly CO2 con-
centration mitigation require long-term longitudinal 
evaluation to establish definitive guidelines for urban 
design. Second, the current model does not fully 
account for stochastic meteorological variations, such 
as seasonal weather shifts and fluctuating wind gusti-
ness, which are critical determinants of pollutant dis-
persion and concentration levels.

The CO2 concentrations were not physically meas-
ured during the field campaign; consequently, the 
simulated ppm reductions should not be equated with 
absolute biological carbon sequestration. As explicit 
flux accounting was not conducted, these results 
are best interpreted as exploratory and assumption-
dependent indicators of how vegetation influences 
local concentration fields, rather than as absolute pre-
dictions of carbon uptake. This is further contextual-
ized by the inherent simplifications of the ENVI-met 



	 Environ Monit Assess (2026) 198:606606  Page 22 of 24

Vol:. (1234567890)

CO2 module, which is designed to simulate local-
scale variations driven by vegetation and primary 
emission sources but does not account for advection 
from distant regional sources or complex atmospheric 
chemistry. Additionally, while traffic emissions were 
explicitly modeled using updated data from the trans-
port administration, the software utilizes simplified 
emission factors rather than complex combustion 
chemistry. Temporal resolution also presents a con-
straint, as the simulation, while suitable for capturing 
diurnal patterns, may not resolve rapid, instantaneous 
fluctuations caused by sudden changes in traffic tur-
bulence or microscale gusts.

While the simulated scenarios demonstrate a sub-
stantial reduction in particulate matter (PM), reaching 
up to 78% in localized areas, these findings must be 
interpreted within the specific context of the 4-day 
summer monitoring period. The observed mitigation 
levels are closely associated with the stable atmos-
pheric conditions and prevailing wind patterns pri-
marily from the northwest recorded during the field 
campaign in Guelma. Under different seasonal con-
ditions, such as winter periods marked by increased 
atmospheric stability or altered wind directions, the 
dispersion and deposition dynamics of particulate 
matter may vary considerably.

To address these limitations, it is recommended 
that future research utilize comprehensive multisen-
sor monitoring stations capable of synchronized data 
acquisition for both meteorological and pollutant 
parameters. Establishing a robust empirical baseline 
through simultaneous field measurements of wind 
velocity, temperature, and pollutant flux is essen-
tial for the subsequent calibration and validation of 
microscale simulation models. Such an integrated 
approach would enhance the predictive accuracy of 
biophilic design interventions across varying climatic 
scenarios.
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