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Abstract

Urban trees can change (increase and/or decrease) pollutant concentrations and this study assesses the effect of urban
trees on main pollutant concentrations in a 1 km by 1 km area, in a high traffic density zone, in Madrid City (Spain) using
numerical computational fluid dynamics (CFD) simulations. A real-life experiment was designed for 1 week of June 2017
with a spatial resolution of 5 m. A zone of vegetation in which the dominant species are broadleaf trees was included in the
business as usual (BAU) simulation. The second scenario focused on changing the type of tree from broadleaf in the BAU
scenario to needleleaf in the so-called ND scenario. The differences between ND simulation and BAU simulation provide
information about the effects of the type of tree on the air quality (NO, and O;) of the area. The results of the simulations
show a high sensitivity to changes in the type of tree in urban parks with strong impacts (hot spots) in several areas located
several hundreds of meters away of the green park area. The results of these simulations will provide more knowledge on
the effects of trees that will have to be taken into account when developing mitigation strategies for atmospheric pollution.
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Introduction

It has been demonstrated that exposure to air pollution has
serious effects on citizens’ health, e.g., it increases the num-
ber and severity of respiratory and cardiovascular diseases,
which in turn leads to increased mortality (Pope 2000). Air
quality is currently one of the most complex environmen-
tal challenges in large cities (Chekir and Ben Salem 2020).
Transport, industrial activities, and energy demand (Zorpas
et al. 2021) have increased in cities because of population
growth, resulting in higher levels of air pollution for citizens
to breathe with corresponding effects on their health (Ban-
zhaf et al. 2014). Air pollution mainly affects those living
in large urban areas (Mavrakis et al. 2021), where transport
emissions contribute most to the degradation of air quality
(Kelishadi and Poursafa 2010). Urban air quality in streets
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is controlled both by the meteorological and background air
pollution characteristics of the atmosphere around the spe-
cific area, called (large-scale) boundary conditions, and by
local-scale dynamic and chemical processes, mainly driven
by turbulence. It is necessary to combine the advantages
of three-dimensional (large-scale) Eulerian models, which
can simulate meteorological conditions and urban back-
ground concentrations of all major air pollutants of interest,
and (local urban-scale) street models, which can simulate
air pollutant concentrations in complex urban canopy con-
figurations. The complex spatial distribution of obstacles,
which makes it difficult to ventilate pollution at some points,
combined with high emissions from road traffic, generates
pronounced concentration gradients of pollutants in cities.
For cities, it is therefore essential to know the concentrations
of pollutants with a high spatial resolution (1-10 m) in order
to be able to identify the most severe pollution hotspots.
In this sense, computational fluid dynamics (CFD) models
are powerful tools that allow us to reproduce the dispersion
of pollutants in the complex urban environments. Micro-
scale models, such as CFD models, can be used to solve the
turbulent flow equations at a higher spatial resolution (in
the order of meters) to reproduce in detail the atmospheric
processes in the urban canopy layer. These numerical tools

@ Springer


http://orcid.org/0000-0001-6636-0744
http://crossmark.crossref.org/dialog/?doi=10.1007/s41207-022-00321-7&domain=pdf

382

Euro-Mediterranean Journal for Environmental Integration (2022) 7:381-389

support urban planners and other decision-makers by pro-
viding detailed knowledge about the effects of possible air
pollution mitigation strategies. This evaluation of measures
is done before their real implementation, which provides a
priori knowledge of potential actions that may not achieve
their pollution abatement targets (Caplin et al. 2019).

There are two main types of CFD models which are used
for such simulations: (a) models based on the Reynolds-
averaged Navier—Stokes (RANS) method, where the turbu-
lence is fully parameterized, and therefore cannot provide
information on the turbulence structures and their effects
on atmospheric chemistry (Segura et al. 2021) and (b) large
eddy simulation (LES) models that are able to resolve the
turbulence (to some extent) and provide detailed informa-
tion on the relevant flow variables (Maronga et al. 2015).
Most previous urban CFD studies have employed the RANS
method owing to its lower computational costs (Salim et al.
2011). Most LES-based pollutant dispersion studies inves-
tigated flow and ventilation characteristics in street canyons
or other idealized structures (Han et al. 2018).

In this paper, we present the applicability of a LES model
in a full three-dimensional (3D) real domain with multiple
street canyons, open areas, trees, and buildings with differ-
ent heights. In this experiment the CFD model is coupled
to a mesoscale model; this allows the CFD model to use
time-varying boundary conditions provided by mesoscale
models. Several studies have demonstrated the good per-
formance of using CFD models with boundary conditions
given by mesoscale models to simulate dispersion in built-up
areas (Miao et al. 2013). The state of the art in CFD atmos-
pheric modelling is to couple CFD models with mesoscale
models (Baklanov and Nuterman 2009). There are some
examples of CFD simulations where initial and boundary
conditions come from mesoscale models, such as Tewari
et al. (2010) and Michioka et al. (2013) where reasonable
calculated results were shown compared to observed data.
CFD simulations improved significantly when results from
mesoscale models were used as initial and boundary condi-
tions (Nelson et al. 2016; Wyszogrodzki et al. 2012). For
example, Kwak et al. (2015) improved the performance in
simulating NO, and O; concentrations using the boundary
conditions of the WRF-CMAQ (Community Multiscale Air
quality) mesoscale system. A comprehensive review of air
quality simulations by coupling CFD with mesoscale mod-
els can be found in Kadaverugu et al. (2019). These studies
imply that coupling simulations between mesoscale models
and CFD has the potential to become an effective tool for
predicting local-scale plume dispersion under real meteoro-
logical conditions.

Despite significant effort, there is still a lack of research
in non-idealized 3D environments, which restricts the abil-
ity to simulate pollutant concentrations at the street level
in complex urban areas. In this study, we propose to run
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a CFD-LES model with a chemical reaction model with
meteorological and chemical boundary conditions from a
mesoscale model to assess the pollutant dispersion in a real-
istic 3D city scenario. The decision to select a LES simula-
tion instead of a RANS simulation is due to the fact that the
LES has the potential to provide more accurate and reli-
able results than simulations based on the RANS approach.
LES can resolve much of the relevant turbulence dynamics.
Except for very simple flow situations, RANS models will
produce less accurate results because they cannot reproduce
a complete flow field. Although LES involves higher simu-
lation complexity and much higher computational cost, for
some time periods and specific areas (such as this experi-
ment) there are computational resources available to run
LES models. LES models are nowadays mainly used for
scenario-specific simulation or process studies to obtain
a deeper understanding of flow characteristics and their
applications to air quality for example (Bergot et al. 2014).
LES models are increasingly used for the study of airflow
in model domains with realistic urban topography (Wurps
et al. 2020) as in this study.

The growing computing power of high-performance com-
puting and major advances in fluid dynamics have generated
new research opportunities in air quality modelling in urban
environments. In some works, simulation models of large
eddies that resolve turbulence have already been applied to
cities to investigate air pollution. In earlier research, other
teams have successfully applied CFD models to simulate
NO, variability in cities with high (meters) horizontal reso-
lution. Usually for meteorology, several scenarios are con-
sidered, but without coupling a mesoscale model to provide
initial and boundary conditions, that allow one to perform
the CFD simulation with real meteorological data, as is
done in this work. Most urban simulations with CFDs have
considered a two-dimensional idealized street canyon or a
simplified urban topology; however, in this case, a real com-
plex urban area is modelled, using real trees, streets, and 3D
buildings data. This work proposes a novel approach to com-
bine complex mesoscale and microscale air quality models
with traffic simulation tools that consider emissions data,
regional and urban meteorology, and variety of chemical and
physical mechanisms to simulate air pollution concentrations
at different spatial scales.

Urban air pollution is also influenced by short- and long-
range transport of gaseous and particulate pollutants from
surrounding areas. This is also an important factor to take
into account in modelling the air quality of a city, so tools to
simulate the transport of pollutants out of cities will have to be
included, as is done in this work, including a mesoscale model
to provide boundary conditions for the microscale simulation.
The dispersion of urban pollutants in the built environment
is inherently a multi-scale problem, from the global to the
urban scale. We propose to combine the advantages of 3D
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Eulerian models, which can simulate urban background con-
centrations of the main air pollutants of interest, and the 3D
urban model, which can simulate air pollutant concentrations
in complex urban canopy configurations. If we apply a pollu-
tion dispersion model over an urban area, we must take into
account what happens in and on the urban canopy to determine
the spatial-temporal variation of the simulated air pollutants.
The complexity from a computational point of view is how
to solve the equations describing the behavior of the flows,
which in these areas are turbulent and therefore unstable and
heterogeneous. In this context, CFD models are powerful tools
to reproduce the dispersion of pollutants taking into account
the realistic characteristics of urban environments. Microscale
models, such as CFD models, can be used to solve the turbu-
lent flow equations at a higher spatial resolution (on the order
of meters) to reproduce in detail the atmospheric processes in
the urban canopy layer.

Urban vegetation is an important element influencing the
dispersion of pollutants in the cities. In fact, the impacts of
vegetation in urban areas and its application as a mitigation
measure for urban air pollution is currently under discussion.
This paper aims to provide additional scientific evidence to the
urban air quality community on the impact of the type of tree
on NO, and O; concentrations in a local area. Trees and urban
vegetation in general influence air pollution through multiple
processes: biogenic emissions, pollutant deposition, thermal-
chemical processes, and turbulent dispersion. All these pro-
cesses need to be included in air quality modelling simulations
with high spatial resolution in urban areas. Several modelling
techniques, especially through CFD, are being applied to study
the impact of urban vegetation on pollutant dispersion (Abhi-
jith et al. 2017). The impact of vegetation is a consequence of
the aerodynamic effect, altering fluxes, and by the emission
and deposition process, adding and removing pollutants to and
from the air through their leaves. Several studies have found
that the aerodynamic effect is greater than pollutant emitted or
removal by deposition (Buccolieri et al. 2018). In some stud-
ies, the inclusion of vegetation has been shown to be beneficial
by decreasing pollutant concentrations through deposition on
trees, leaves, and other green infrastructure (Pugh et al. 2012).
However, vegetation can also increase pollutant concentration
in street canyons by obstructing wind circulation. In this study,
we analyze and quantify the positive and/or negative impacts
of trees in a downtown area of the city of Madrid (Spain) in
a real 3D scenario including buildings and trees structures.

Materials and methods
Modelling tools

The CFD simulations were run using the parallelized large-
eddy simulation model (PALM) adapted to urban areas

(PALMA4U) for atmospheric flows (Maronga et al. 2019).
PALMA4U solves the 3D fields of wind and scalar variables
(e.g., potential temperature and scalar concentrations). The
performance of PALM over an urban-like surface has been
validated against wind tunnel simulations as shown in previ-
ous LES and field studies (Park et al. 2015). Buildings are
included as solid obstacles that react to the flow dynam-
ics via form drag and friction forces. Natural and paved
surfaces in urban environments are taken into account by
using a multilayer soil model. It is well known that vegeta-
tion canopy effects on the surface—atmosphere exchange of
momentum, energy, and mass can be rather complex and
can significantly modify the structure of the atmospheric
boundary layer (ABL), particularly in its lower part (Gery
et al. 1989). It is thus not possible to describe such processes
by means of the roughness length, surface fluxes of sensible
heat, and latent heat as is done in mesoscale models because
of the very high spatial resolution. In order to describe the
complete 3D structure of individual trees, the plan canopy
model uses canopy leave area density (LAD) and basal area
density (BAD) as inputs. The plant canopy model is inte-
grated within the detailed radiation model (which includes
shadows). The direct, diffuse, and reflected short-wave and
long-wave radiation is partially absorbed by individual grid
boxes of plan canopy and transformed to sensible heat flux
inside the vegetation. This heat flux is transferred into the
atmosphere to increase of the air mass temperature. The
plant canopy also emits the long-wave radiation according
its current local temperature. The latent heat fluxes from the
vegetation represent an important part of the heat balance
in the urban canopy. In addition, a fully “online” coupled
chemistry module is integrated into PALM4U. The chemical
species are treated as Eulerian concentration fields that may
react with each other, and possibly generate new compounds;
in this experiment the chemistry mechanism CBM4 Carbon
Bond Mechanism (Schrader et al. 2016) with 32 compounds
and 81 reactions has been used. Gases are deposited using
the DEPAC module (Grell et al. 2005).

Initial and lateral boundary chemical and meteorological
conditions were derived from a simulation with the Weather
Research and Forecasting and Chemistry model (WRF/
Chem) (San José et al. 2015) with 1 km spatial resolution,
so we are following an off-line nesting approach. Boundary
conditions as updated every 1 h and data are interpolated lin-
early in time. Road traffic is the main source of air pollution
in urban areas, with the primary emitted pollutants in gas
phase being NOx (NO and NO,), CO, and volatile organic
compounds (VOC). We have combined the microscale traf-
fic model Simulation of Urban Mobility (SUMO) with the
EMIMO (San José et al. 2015) emission model, based on the
detailed methodology (Tier 3) described in the EMEP/EEA
Air Pollution Emission Inventory Guidebook, to provide the
traffic emissions with high spatial and temporal resolution
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Fig. 1 Time series of hourly concentrations of observed and WRF/Chem-PALM4U NO, at the E. Aguirre station on June 12, 2017 to June 19,

2017

in the streets. The emission estimations are based on very
detailed fleet composition data from the Madrid municipal-
ity and vehicle flow data from the SUMO model (Krajzewicz
et al. 2012).

Experiments

The PALM4U 3D computational domain was set up in
Madrid (Spain). It is 1000 m by 1000 m by 300 m in height
with a 3D spatial grid resolution of 5 m. GIS data about
buildings, streets, and trees was obtained from the Madrid
municipality open data service. The simulation area is
selected to be an area with dimensions that allow it to be
simulated with the available computational resources and
that combines an area of trees and another area of build-
ings and streets with high traffic flow. It was also important
to have at least one air quality station in the area in order
to evaluate the performance of the simulation. In the area,
there are two main roads with very high traffic flows and
many street canyons. The area experiences high pollution
NOx episodes. In addition, there is an important green area
(Retiro Park) in the model domain located at the southwest.
The predominant species in the Retiro Park is the Aesculus
hippocastanum known as the European horse chestnut with
broad leaves. Trees represent 9.9% of the model area and
buildings represent 43.9% of the model area. Water surface
represents 1.4% of the model area. The simulation period
was from June 12, 2017 to June 19, 2017, when high ozone
levels were observed. The designed simulation requires
20,000 CPU hours per simulation (BAU, ND) and the simu-
lation period was therefore limited to 1 week.

@ Springer

Two simulations were run. In the first one, the BAU (busi-
ness as usual) simulation, is the reference simulation where
the broadleaf trees are present. In this case, the vegetation
type in the CFD model is set to “deciduous broadleaf trees”
(number seven in the CFD model). In the second simula-
tion, ND, the type of tree of the green area was changed to
needleleaf. The differences (BAU-ND) show the impact of
changing the type of trees from broadleaf to needleleaf in
wind patterns and air pollution concentrations in all the area.

Results and discussion
Evaluation

In the reference area, one pollution monitoring station (E.
Aguirre) is located near the Green Park. Figure 1 shows
the evaluation of the WRF/Chem-PALM4U modelling tool
against the monitoring station E. Aguirre with the hourly
concentrations for NO, (Fig. 1) and O; (Fig. 2) on June 12,
2017 to June 19, 2017.

The following statistical parameters were calculated: nor-
malized mean bias (NMB), root mean square error (RMSE)
and Pearson’s temporal correlation (R%). In general terms,
NO, and O; were slightly underestimated, NO, by 7% and
O; by 24% based on the statistical indicator NMB. The
squared hourly correlation coefficient (R?) is 0.6 for NO,
and 0.7 for O;. The resulting RMSE is below 30 ug/m* for
both pollutants. These values are in the standard range for
this type of simulation in the scientific literature. The pre-
liminary performance evaluation report indicates that the
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Fig.2 Time series of hourly concentrations of observed and WRF/Chem-PALM4U O; at the E. Aguirre station on June 12, 2017 to June 19,

2017

BAU simulation for the NO, and O; dispersion with respect
to the measured values in a specific location of the domain
(within the 5 m x5 m grid size in PALM4U) is appropri-
ate. It is important to underline that the performance results
of the CFD simulation are similar to the performance of
the WRF/Chem simulation at 1 km spatial resolution as the
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Fig.3 Spatial distribution with 5 m spatial resolution of the effects of
the type of tree (BAU-ND %) on O; hourly averaged concentrations
for the period June 12-18, 2017

surrounding concentrations have a strong influence on the
local area concentrations.

Impacts

Once the BAU simulation has been validated, the BAU and
ND simulations were used to evaluate the effects of the type
of tree on concentration levels of O; (Fig. 3) and NO, con-
centrations (Fig. 4). Figures 3 and 4 show the spatial distri-
bution of changes (BAU-ND %) in O; and NO, concentra-
tions when changing from broadleaf trees in the green zone
to needleleaf trees. The trees change the distribution of O,
and NO, concentrations, particularly at some hotspots. The
effects of the type of tree are quite heterogeneous leading
to decreases or increases of O; and NO, concentrations at
pedestrian height.

Figure 3 shows the dispersive effect of the type of tree on
O; concentrations. The trees change the distribution of O,
concentrations, particularly at some hotspots. The effects of
trees (Fig. 3) is quite heterogeneous leading to decreases or
increases of O; concentrations at pedestrian height. Needle-
leaf tress significantly increase O concentrations by up to
12% in the street closest to the green area (yellow areas) and
decrease the concentrations by up to 8% at other points of
the street. Figure 3 also suggests that trees change the pol-
lutant concentrations in their surrounding streets and not
only in the streets close to them. The O; behavior was also
influenced by the chemical reactions and controlled by the
NOx-limit and VOC-limit concentrations.

Changing the tree type from broadleaf to needleleaf
involves changing the minimum canopy resistance parameter

@ Springer
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for the period June 12-18, 2017

(Rc_min) in Eq. 1. Rc_min is 240 s/m for broadleaf trees
(BAU) and 500 s/m for needleleaf trees (ND). This is the
main parameter that changes from one simulation to another.
Then in the ND simulation in the cells with trees, the canopy
resistance (Rc) is higher and therefore the latent heat flux
(L) is lower when calculated with Eq. 2 which causes an
increase in temperature based on Eq. 3 for the energy bal-
ance. This calculation is included in the land surface model
of the PALM4U model (Heus et al. 2010). This temperature
increase causes O; concentrations to increase in 64.22% of
the cells with an average increase of 1.93% and NO, con-
centrations to decrease in 90.67% of the grid cells with an
average decrease of 1.69%.

e

Re = == 1R 2Hm)f3 (@) o

L= —pl——(q, ~ 4y 2
- pvra+rc qv qv,sat ()
ar _ ., . .

C— =R, -H-L-G 3)

where Rc is the canopy resistance; Rc_min is the mini-
mum canopy resistance; LAI is the leaf area index; f1 is
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the correction factor based on solar radiation, R is the
radiation, f2 is the correction factor based on soil humid-
ity, Hm is the humidity; f3 is the correction factor based
on water—vapor pressure deficit, e is the water-vapor pres-
sure deficit; L is the latent heat flux; p is the air density;
[, is the latent heat of vaporization; ra is the aerodynamic
resistance; rc is the canopy resistance for vegetation; g, is
the water vapor mixing ratio; g, g, is the water vapor mix-
ing ratio at temperature TO; C is the heat capacity; T is the
radiative temperature of the surface; R, is the net radiation;
H is the sensible heat flux; G is the ground (soil) heat flux.

Figure 5 shows the impact of the type of tree on the
air temperature. The highest impacts occur in the green
area where the trees are located; the needle-type trees
increase the temperature (negative differences, green and
blue colors) by up to 1.6%. Around the green area there
are slight temperature increases which means that the
temperature is somewhat higher with broadleaf trees. It is
also important to note that the hypothetical change from
broadleaf to needleleaf trees could produce temperature
increases in some streets further away than 500-600 m
from the green zone.

The first observation is that the impact of tree type on
NO, concentration is different for each day. Needleleaf
trees could increase NO, concentrations in the area for
June 14 and 15, while a similar reduction in NO, concen-
trations would occur for June 13. The pollution reduction
effect for June 18 is very important, as 90% of the domain
(1 km?) would be reduced in NO, pollution if the trees in
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Grid cells with reductions and increases of NO2 daily concentration by needle-leaf tree effect (BAU-ND)
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the park were of the needle type instead of the broadleaf
type (Fig. 6).

Conclusions

The CFD-LES-PALMA4U 5 m spatial resolution model has
been implemented over an area of 1 kmXx 1 km in down-
town Madrid (Spain). The simulation reproduces pollutant
concentration maps in the presence of boundary and top
conditions supplied by the WRF/Chem 1 km simulation
(nesting approach from the 5 km spatial resolution and
25 km spatial resolution covering all the Iberian Penin-
sula), real building morphology (3D), vegetation, and
hourly emissions. The results obtained allow us to confirm
that the modelling tool (WRF/Chem-PALMA4U) success-
fully reproduces the concentration distributions of pollut-
ants over urban areas. Analyses were performed to clarify
the relative contributions of the type of tree to pollutant
concentrations. To assess the impact of trees on concentra-
tions, two simulations were run: the broadleaf trees simu-
lation (BAU) and with needleleaf trees simulation (ND)
in a green area of 1 km X 1 km area. In general, the spatial
variability of concentrations with broadleaf and needleleaf
trees within the study domain is notable with high impacts
over the entire domain. The results show that the type of
tree can increase or decrease the pollutant concentrations
in a range of — 12% to + 10% in multiple areas of the full
domain. We found that needleleaf trees can decrease NO,
concentrations and increase O; concentrations. Trees in
general and needleleaf trees reduce latent heat flux (Rc
is greater than for broadleaf trees) and increase sensible,
ground heat flux, and temperature, favoring O; formation.

The results are limited to a period of 1 week because of
limited computational resources. Future work includes
extending the simulation periods to 1 week per season to
analyze the impact of trees under different temperatures
and weather conditions.

Applying a high-resolution LES model over a real 3D
urban topography can provide a large amount of detailed
information about the flow and concentration fields. Our
findings leave room for further studies, suggesting that
the effects of urban vegetation on local air quality can
be very complex, and have a substantial impact on local
and potentially large urban areas. This work demonstrates
how numerical simulation tools can generate information
about potential mitigation actions that enable future urban
planners to improve the air quality over urban areas (Bibri
2020; Ksibi et al. 2022).
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