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Abstract

This study numerically investigates the influence of trees on air quality in Madrid urban area (Spain). Simulations are per-
formed using the mesoscale model WRF/Chem (EPA, US) and the microclimate computational fluid dynamics (CFD) model
PALM4U (IMUK, DE) configured as LES (Large Eddy Simulation). PALM4U is running over one of the 1 km X 1 km grid
cells with 5 m very high spatial resolution using three different scenarios. In the simulation domain, there is a zone (approxi-
mately 25% of the domain) of vegetation where the dominant species are broadleaf trees included in the BAU (Business as
Usual) scenario. The second scenario is focused on changing the type of the tree from broad leaf at BAU scenario to needle
leaf the so-called ND scenario and the third scenario called NOTREE which comprise the replacement of the trees located
in the green zone. The base simulations (BAU) are compared with data from the Madrid air quality monitoring network for
the evaluation of the simulation results. The effects of the trees are calculated comparing scenarios (BAU-NOTREE and
BAU-ND), so a brute force methodology has been used. This paper shows that the effects of the trees and type of trees are
not uniform across the urban area because there are variations in the energy fluxes and the aerodynamic effect and there are
important interactions of trees with wind flow dynamics. The mitigation potential effect of trees on gaseous air pollutants

concentrations is showed and also may enhance substantially air pollution in other areas.
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Introduction

Air quality is currently one of the priority environmental
problems in large cities. High concentrations of pollution are
often found in urban areas, where there is a high population
density and emissions due to road traffic are very high. Expo-
sure to air pollution has been demonstrated to have serious
health effects, e.g. it increases the number and severity of
respiratory and cardiovascular diseases, which in turn leads
to increased mortality (Pope and Dockery 2006). Urban air
quality is controlled both by large-scale background char-
acteristics of the atmosphere and by local-scale dynamic
and chemical processes, mainly driven by turbulence. In
addition, in urban areas the air encounters a large number
of obstacles (buildings, trees...) that give complex flow
patterns in the streets. All of the above, together with the
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heterogeneity of pollutant emissions, which in cities mainly
come from road traffic (NOx), produce strong concentra-
tion gradients, there can be large variations in concentrations
between one side and the other of the same street. Mesoscale
chemical transport models simulate the instantaneous mix-
ing of emission sources within each of the individual grid
cells, even if a point emission is homogeneously distributed
over the whole grid cell, which does not allow modelling
the spatial variability of urban air quality because the grid
cells are too coarse (Wang and Shallcross 2000). Mesoscale
models (with a spatial resolution of up to 1 km) do not allow
us to capture local phenomena and high spatial variability
due to too coarse a resolution of the emission model and
insufficient representation of the urban surface (including
different three-dimensional obstacles, such as buildings and
trees), as described in Beevers et al. (2012) and Choudhary
and Tarlo (2014). Another limitation of mesoscale models is
that they cannot accurately simulate the turbulent transport
generated by larger eddies. In order to be able to simulate
this phenomenon, high-resolution models (metre-resolution
cells) are needed in which at least the larger transport eddies
are explicitly resolved. In addition, the layout and effect of
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buildings, streets and other objects on the urban surface that
affect the atmospheric flow and thus the turbulent diffusion
of pollutants must be taken into account.

Urban air pollution is also driven by the medium- and
long-term transport of gaseous and particulate pollutants
from surrounding areas. This is also an important factor to
be taken into account in modelling the air quality of a city
at the local scale, so tools to simulate the transport of pol-
lutants in the areas outside cities will have to be added, as
is done in this work. The ideal tool to solve this aspect are
mesoscale models that can provide boundary conditions for
simulation at the microscale (local scale). The dispersion
of urban pollutants in the urban environment, with trees,
buildings, etc. is intrinsically a multi-scale problem, and
we will have to simulate from the global scale (data from
global models) to the local scale (city) through the mes-
oscale models. We propose to combine the advantages of
three-dimensional Eulerian models, which can simulate
urban background concentrations of the main air pollutants
of interest, and the three-dimensional urban model, which
can simulate air pollutant concentrations in complex urban
canopy configurations.

One of the most important issues in using CFD technol-
ogy to research atmospheric environment problems on the
street level is to obtain accurate initial and boundary condi-
tions (Ehrhard et al. 2000). To solve this problem, the multi-
scale coupling method is revealed as a good solution, which
uses information from mesoscale model as the initial and
boundary conditions to drive CFD (Nelson et al. 2016) in
order to take into account both short range and long-range
transport and chemistry effects. Grid nesting is the most
common method, being employed in most of the chemical
tranport models (WRF/Chem, CMAQ, CMAXx). The long-
range transport of air pollutants is an important fact and
it has influence in local air quality (Bae et al. 2020). The
regional influences in the local concentrations depends of
the meteorological conditions but the pollutants can travel
from the regional domains to the local domain, so local
pollution can be strongly influenced by regional emissions
and transport. The proposed nesting-based architecture has
already been used by the authors in other works (San José
et al. 2021). In the previous work, it is shown how the nest-
ing of domains with the WRF/Chem model allowed to obtain
satisfactory results when comparing the simulated concen-
trations with the concentrations measured by the network of
stations of the Madrid City Council, but in some stations the
WRF/Chem model was unable to reproduce high NO, peaks
and when introducing the CFD driven by the WRF/Chem
BCs these peaks were reproduced. The general pattern of
NO, concentrations over time was determined by the WRF/
Chem and it was the CFD that was able to reproduce the
large fluctuations at some specific points in the city. Others
studies have shown the advantages of the nesting approach
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to provide BCs to CFD simulations (Kadaverugu et al. 2019;
Kwak et al. 2015; Michioka et al. 2013); the meteorological
mesoscale and air quality multiscale models coupled with
CFD models are used to develop urban air quality modelling
systems which shown better performance than the mesoscale
models in simulating NO, and O; concentrations.

If we apply a pollution dispersion model over an urban
area, we must take into account what happens in and on
the urban canopy to determine the spatial-temporal varia-
tion of the simulated air pollutants. The complexity from a
computational point of view is how to solve the equations
describing the behaviour of the flows, which in these areas
are turbulent and therefore unstable and heterogeneous. In
this context, computational fluid dynamics (CFD) models
are powerful modelling 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 turbulent flow equations at
a higher spatial resolution (on the order of metres) to repro-
duce in detail the atmospheric processes in the urban canopy
layer. These numerical tools assist urban planners and other
decision makers by providing them with detailed knowl-
edge on the possible air pollution mitigation strategies to
be implemented in order to be able to assess in advance the
different actions within this objective (Caplin et al. 2019).

Computational fluid dynamics (CFD) models are high
in computational demand, but thanks to the increased com-
puting power of computers and the availability of high-
performance systems to scientific groups, the use of CFDs
has become widespread in the scientific community. Such
models provide a detailed three-dimensional representation
of the energy flows, wind and concentrations of a city at high
resolution (metres), and are capable of modelling the effects
of obstacles such as trees and buildings. There are mainly
two types of turbulence models in CFD models, based on
their ability to resolve turbulent flow. The CFD RANS
which are based on the Reynolds-averaged Navier—Stokes
equations with parameterised turbulence and the LES for
the simulation of large eddies. RANS assumes that non-
convective transport in a turbulent flow is governed by a
stochastic three-dimensional turbulence that has a broadband
spectrum with no distinct frequencies and therefore models
all eddy length scales without distinction. This method has
obvious weaknesses and poses serious uncertainties in flows
where large-scale organised structures dominate. In addi-
tion, RANS models often assume gradient transport, which
may not be the case for pollutant exchange within street can-
yons. Large eddy simulation (LES), although more compu-
tationally expensive, has the advantage over RANS in that it
explicitly resolves most energy transporting eddies and inter-
nally or externally induced periodicity, and only universally
small eddies are modelled. The similarity hypothesis dictates
that the statistics of the small eddies are universal and they
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are not dependent on properties of the fluid while the large-
scale structures are directly affected by the geometry and the
boundary conditions. The ability of LES to reproduce the
unsteady and intermittent fluctuations of the flow fields and
thus to capture the transient mixing process is what makes
it numerically superior to conventional RANS, in particular
for studies dealing with complex geometries and pollutant
dispersion problems, such as the one we will address in this
paper.

Previous work has already shown the advantages of cou-
pling mesoscale numerical models to microscale models, as
substantial improvements in wind field predictability were
observed when using the results of a mesoscale meteoro-
logical model as CFD initial and boundary conditions (Miao
et al. 2013). In subsequent work, turbulence-resolving large
eddy simulation models have already been applied to cities
to investigate air pollution (Abhijith et al. 2017), for example
to simulate the spatial distribution of NO, in a city with high
(metre) horizontal resolution (Buccolieri et al. 2018). Usu-
ally when CFD models are used to understand air quality in
cities, several meteorological scenarios are considered, but
without coupling a mesoscale model to provide initial and
boundary conditions, which allow the CFD simulation with
real meteorological data, that aspect is one of the novelties
of this work. In other research, urban CFD simulations have
been performed considering an idealised two-dimensional
street canyon or a simplified urban topology (Baik and Kim
2002); in this work, a real complex urban area is modelled,
using real 3D tree, street, and building data. Therefore, this
work proposes a novel approach by combining complex mes-
oscale and microscale air quality models with traffic simu-
lation tools that take into account emission data, regional
and urban meteorology, and various chemical and physical
mechanisms to simulate air pollution concentrations at dif-
ferent spatial scales; a complete modelling system is applied
that tries to simulate the atmospheric dynamics of a city as
realistically as possible.

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 miti-
gation measure for urban air pollution are currently under
discussion. This work tries to supply new scientist data to
the urban air quality community. The motivation is related to
the complex processes that make it difficult to extract general
conclusions due to the high dependence on local conditions.
With several modelling techniques, especially through CFD,
models are being applied to study the impact of urban veg-
etation on pollutant dispersion. The impact of vegetation is
produced by 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. In some

studies, 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 may also increase
pollutant concentration in street canyons by obstructing
wind circulation. In this study, we analyse and quantify the
positive and/or negative impacts of trees and type of trees
in a downtown area of the city of Madrid (Spain) in a real
scenario. The experiment takes into account the atmospheric
conditions of the environment, the micro-meteorology of
the area, the solar radiation and flow energy balance, traffic
emissions, chemical reactions, deposition of pollutants, and
the dispersion of pollutants in a 3D obstacle (buildings and
trees) environment.

Material and methods
Modelling tools

The CFD simulation presented in this work were ran using
the Parallelized Large-Eddy Simulation Model (PALM)
adapted to urban areas (PALM4U) for atmospheric flows
(Maronga et al. 2015). PALMA4U solves the three dimen-
sional 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, previous LES studies and
field measurements (Park et al. 2015). Buildings are repre-
sented as solid obstacles that react to the flow dynamics via
form drag and friction forces. Natural and paved surfaces in
urban environments are simulated using a multi-layer soil
model. It is well known that vegetation canopy effects on
the surface-atmosphere exchange of momentum, energy and
mass can be rather complex and can significantly modify the
structure of the ABL, particularly in its lower part (Dupont
and Brunet 2009). It is thus not possible to describe such
processes by means of the roughness length and surface
fluxes of sensible and latent heat. To describe the complete
3D structure of individual trees, the plan canopy model
uses canopy leave area density (LAD) and basal area den-
sity (BAD) as inputs. The plant canopy model is integrated
within the detailed radiation model (which includes shad-
ows). The direct, diffuse, and reflected short-wave and long-
wave radiations are partially absorbed by individual grid
boxes of plan canopy and transformed to sensible heat flux
inside the vegetation. This heat flux is consequently trans-
formed to increase of the corresponding air mass. The plant
canopy also emits the long-wave radiation according its cur-
rent local temperature. An important part of the heat balance
in the urban canopy represents the latent heat fluxes from
the vegetation. A fully “online” coupled chemistry module
is integrated into PALM. The chemical species are treated as
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Eulerian concentration fields that may react with each other,
and possibly generate new compounds; in this experiment,
the chemistry mechanism CBM4 Carbon Bond Mechanism
(Gery et al. 1989) with 32 compounds and 81 reactions was
used. Gases are deposited using the DEPAC module (Van
Zanten et al. 2010).

The mesoscale modelling tool is the Weather Research
and Forecasting and Chem model (WRF/Chem) (Grell et al.
2005). The model simulates the emission, transport, mix-
ing, and chemical transformation of trace gases and aerosols
simultaneously with the meteorology. The main advantage
of this model is that chemistry and meteorology are solved
simultaneously thanks to their coupling, therefore both pro-
cesses use the same advection, convection, and diffusion
scheme, on a common grid and without the need for interpo-
lations. This model is widely used by the scientific commu-
nity and has been evaluated in many experiments (Fast et al.
2006). The WRF/Chem model was configured as in phase
2 of the International Air Quality Model Assessment Ini-
tiative (AQMEII) (San Jose et al. 2015). The Carbon Bond
Mechanism version Z (CMBZ) is the atmospheric chemi-
cal mechanism (Zaveri and Peters 1999) used for gas phase
chemistry. Aerosol chemistry is represented by the Model for
Simulating Interactions and Aerosol Chemistry (MOSAIC)
(Zaveri et al. 2008). Dry aerosol deposition is simulated fol-
lowing the approach of Binkowski and Shankar (Binkowski
and Shankar 1995) and the wet deposition approach follows
Easter (Easter 2004). Photolysis rates are obtained from
the photolysis scheme in Fast-J (Williams et al. 2006). We
include aerosol-radiant feedback in our simulation. The
Rapid Radiative Transfer Model (RRTM) scheme (Mlawer
et al. 1997) is used to represent both short-wave and long-
wave radiations. The Lin cloud microphysics scheme (Lin
et al. 1983) is setup and Grell 3D ensemble cumulus param-
eterisation scheme (Grell and Dévényi 2002) is used.

The initial and boundary meteorological conditions for
the WRF/Chem model have been obtained from the global
NCEP-GFS (National Centers for Environmental Prediction
Global Forecasting System) model with a resolution of 0.5°
(NCEP 2015). These data are available to the scientific com-
munity and are often used in regional modelling processes.
The chemical conditions of the lateral boundaries for mother
domain were taken from prescribed profiles. The profile is
based upon northern hemispheric, mid-latitude, clean envi-
ronment conditions. The idealised profile is obtained from
climatology with data based upon results from a NOAA-Aer-
onomy Laboratory Regional Oxidation Model (NALROM)
(Liu et al. 1996).

One of the most important data for pollutant dispersion
simulations is emissions. It is necessary to produce very
detailed and high-quality emission data in order to know the
amount of each pollutant that is injected into the atmosphere.
In the case of urban simulations, road traffic emissions are
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the most challenging to estimate as we need to have detailed
information on traffic flows as vehicles are the main emitting
sources in the city. In this work we have performed a traffic
microsimulation with SUMO (Krajzewicz et al. 2012) that
allows us to know the traffic flow intensities and vehicle
speeds. Simulation of urban mobility (SUMO) is an open
source software for the simulation of traffic flows continu-
ously in space and discretely in time, with a maximum tem-
poral resolution of 1 s. Each vehicle is explicitly simulated
so that we know the vehicle’s route through the network,
departure time, arrival time, and its position every instant
of time, so it is a microscopic traffic flow model. The speed
of a vehicle through the network depends on the vehicles in
front of it and the maximum speed of the network segment.
Once the vehicles passing through each cell are known in
detail for the calculation of the amount of emissions injected
into that cell, we have coupled an emissions model which
is detailed below.

In order to generate the routes followed by each car, it is
necessary to know the destinations demanded by the vehi-
cles and SUMO allows to generate these routes based on
the data measured by the traffic detectors. The streets and
roads of the simulation domain have been imported from
OpenStreetMap (OSM) which, in addition to the location,
contains characteristics about the streets (number of lanes,
direction, roundabouts...) and traffic lights; all these data
are used by SUMO for the simulation of road traffic. Some
of the data, such as allowed turns, do not reflect reality,
so a process of fine-tuning of the input data is required
in order to achieve the most realistic simulation possible.
The road and street network of Madrid consists of more
than 100,000 streets and road segments. Through an itera-
tive process, we have tried to ensure that no intersection
represented an unrealistic bottleneck for traffic flows. This
iterative process has been necessary to generate the road
network that SUMO needs to provide realistic vehicle flow
data for all streets in Madrid. For the simulation, first of
all, random traffic is generated that travels through the
Madrid network, and then road detectors have been used
as calibrators, which are entering or removing cars to best
simulate the traffic demand of the domain. In Madrid,
there are more than 3000 vehicle detectors located on the
streets and roads of Madrid and 2/3 of them have been
used to calibrate the traffic simulations; the remaining 1/3
has been used to evaluate the performance of the simula-
tion by comparing the traffic flow estimates from SUMO
with that measured by the evaluation detectors. One of
the main challenges of the traffic simulation has been to
ensure a configuration that does not produce unrealistic
traffic blockages and congestion. The calibration process
is an iterative process in which the model configuration
parameters are modified until the measured traffic flow
values do not cause congestion in the traffic network.
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In each simulation, by visual observation and counting
vehicles in street segments, blockage areas are identified
and the parameters of the streets involved are modified, a
time-consuming task that we will try to automate in future
work.

In such highly detailed simulations, it is necessary to
have emission data, especially from traffic, at a high level
of detail. Traffic emissions are calculated following the
detailed methodology (Tier 3) described in the EMEP/
EEA Air Pollution Emission Inventory Guidebook (EMEP/
EEA 2016). In this methodology, specific emission factors
are detailed for each vehicle category and are dependent
on the ambient temperature, which can be derived from the
mesoscale simulation. The following vehicle categories
are considered: passenger cars, light commercial trucks,
heavy duty vehicles including buses and motorbikes.
These categories are further subdivided into new subcate-
gories according to fuel type, vehicle weight, vehicle cubic
capacity, and vehicle technology (associated with age). In
the simulation, the percentage of each type of vehicle was

Buildings (red area)

known based on the vehicle registration data for Madrid
for December 2016, published by the Madrid City Council.

Experiment

The study urban area for this work is located in Madrid
(Spain). The simulations are performed for the period
June 12, to June 18, 2017, when high levels of ozone were
observed. Figure 1 shows the 1 km X 1 km area of interest for
the CFD simulations. Roads, buildings and trees data were
integrated to build a 3D CFD grid. In the area, there are two
main roads with very high traffic flows and many street can-
yons. The area also experiences high pollution NOx episodes
during the winter time periods. One air quality monitoring
station is located in the domain (red star of the Fig. 1). This
station, called E. Aguirre is classified as traffic station. Part
of one big park (Retiro Park) with a lot of trees is present
in the south-west of the domain. The total area covered by
trees represents 9.9% of the modelled area and the total area
covered by buildings represents 43.9% of the modelled area,
also the 1.4% of the area are water surface. The horizontal

Pavement (red area)

PALM4U.LAND SURFACE

Vegetation (red area)

- bau.nc (on ozono.Ima.fi.upm.es)

Fig. 1 Simulation area (1 kmXx 1 km) around the E. Aguirre monitoring station (red start) in Madrid (Spain) with the four land surfaces: build-
ings, pavement, vegetation which includes a green area of the Retiro park and water
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and vertical resolution of the 3D CFD grid is 5 m equally
spaced. In height, 60 levels have been used, allowing us to
reach a height of 300 m. This covers all the heights of the
buildings in the area. In the area of the Retiro Park there are
1194 trees according to the inventory of the Madrid City
Council. The predominant species is Aesculus hippocasta-
num known as European horse-chestnut. It is a species of
tree of the type, broad-leaf.

Three scenarios have been simulated with the CFD
PALMA4U, a first reference simulation including all the infor-
mation (broadleaf trees, 3D buildings, emissions, etc....) is
called BAU (Business As Usual) scenario. A second sce-
nario where we have removed the trees in the Retiro Park
area and is called NOTREE simulation (without trees).
The differences in the results of both simulations (BAU-
NOTREE) will provide us information about the effect of
the trees on the atmospheric composition of the area and
thus advance in the research between the interaction between
trees and the atmosphere in urban environments. Finally, in
the third scenario called ND, we have completed a theoreti-
cal exercise to understand the impact on pollution in the area
if the trees were all needle-leaf (ND scenario) instead of
broad-leaf (BAU scenario), the differences BAU-ND will
allow us to know the impact of the type of tree on the pollu-
tion. The described scenarios have been designed to analyse
the influence of trees and tree type on pollution. Trees affect
pollutant deposition, energy fluxes, and thermal conditions
throughout the domain, as will be shown in the results. One
of the objectives of the experiment is to show the high sensi-
tivity of the modelling tool used, so that it may be seen that a
simple change, such as a change in tree type or tree elimina-
tion, has important implications on the micrometeorology
and thus on the urban air quality of the whole area, and that
the tool is able to capture these changes.

To run the CFD domain, a multi-scale simulation has
been designed to produce boundary conditions to the CFD
simulation. First, a regional and urban simulation has been
run with the WRF/Chem model covering the city of Madrid.
The WRF/Chem modelling domains use a Lambert Con-
formal Projection centred at 40.478°N, 3.704°W with true
latitudes of 30°N and 60°N. In the mesoscale simulation, 3
nested domains were set up. The mother domain is a hori-
zontal spatial resolution of 25 km and covering the Iberian
Peninsula. An intermediate domain with a resolution of 5 km
covering the Madrid region. The final domain that provides
data to the CFD simulation of 1 km is used to simulate the
whole city of Madrid. All domains are centred on the city
of Madrid and have dimensions of 45x45 grid cells hori-
zontally. Vertically, 33 layers have been setup up to a height
corresponding to a pressure of 50 hPa. The thickness of the
layers close to the surface is lower than those located at
higher altitudes. This domain configuration is tailored to
the available computational resources and allows to simulate
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the transport of pollutants on national, regional, and urban
scales. The domains setup is a compromise between the
computational resources available and the objectives of the
study. The results of the 1 km WRF/Chem simulation is used
as initial and boundary conditions for the CFD simulation. In
order to perform a proper nesting between the mesoscale and
the microscale model (LES), a synthetic turbulence genera-
tor has been used to generate turbulence in the CFD domain
(Xie and Castro 2008; Kim et al. 2013). Unscaled turbulent
motions are computed based on length scales along each
direction and the amplitude tensor which in turn bases on
the Reynolds stress tensor. The calculated turbulence is then
added to the mean inflow data of the velocity components.
The amplitude tensor depends on the Reynolds stress tensor;
the required length and time scales, as well as the Reynolds
stress tensor, are parametrised and the turbulence statistics
at the inflow boundary are estimated; the derived turbulence
statistics will depend on the height above ground but not on
the horizontal location (Rotach et al. 1996).The turbulence
is applied in the lateral conditions by imposing turbulent
fluctuations on the boundary conditions wind data, and the
amplitude of the turbulence depends on the atmospheric sta-
bility described by the WRF/Chem (mesoscale) simulation
data. The PALMA4U outputs in each time step are hourly
time averaging.

Results
Performance analysis

Modelled results are initially compared with hourly obser-
vational data from the E. Aguirre monitoring station to
evaluate the BAU simulation for O; and NO, pollutants.
The model performance was analysed based on time
series (Fig. 2) and statistical analysis was performed to
help to determine the accuracy of the modelling results.
The following statistical parameters have been calcu-
lated: Normalised mean bias (NMB); root mean square
error (RMSE), and Pearson’s temporal correlation (R2).
The R2 was found to be 0.6 for NO, and 0.7 for O5. The
NMB values are — 6% for NO, and — 19% for O;, and the
negative values of NMB indicated an underestimation of
the simulated concentration against the observational data.
The resulting RMSE is below 30 ug/m? for both pollutants.
We can conclude that the BAU simulation for the NO, and
O; dispersion with respect to the measured values in a spe-
cific point of the domain (5 m X5 m where the monitoring
station is located) is appropriate. It is important to high-
light that the performance results of the CFD simulation is
similar to the performance of the WRF/Chem simulation at
1 km spatial resolution as the surrounding concentrations
have a strong influence on the local area concentrations.
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Fig.2 Time series of observed and modelled NO, (top) and O; (bottom) concentrations

The evaluation of the simulation performance is limited,
because in the current simulation domain there is only one
monitoring station and due to computational limitations it
has not been possible to extend the computational domain
to include more monitoring stations. The authors are work-
ing on further studies to achieve a complete evaluation of
the WRF/Chem-PALM4U modelling system. The aim of
the current work is more focused on showing the sensitiv-
ity of the modelling system and presenting it as a possi-
ble tool for the evaluation of local strategies for pollution
mitigation in cities. The calculated impact is based on the
brute force method where the uncertainties are common
in all simulations (BAU, ND, NOTREE).

The great variability of air pollution concentrations
within a 1 km? zone can be seen in Fig. 3, as it shows the

spatial distribution of O3 and NO, concentrations and wind
vectors for the computational domain.

It can be seen how O; and NO, concentrations vary
from one street to another, with the park area having the
lowest NO, values (55 pg/m®) because there are no traffic
emissions and the same area having the highest O, values
(55 pg/m?). Some NO, hotspots (85 pg/m?) are observed
in streets close to areas with high traffic density, where the
gases emitted by road traffic are accumulated. Long wind
arrows can be seen in the upper right-hand side, indicat-
ing that the area is highly turbulent due to the layout of
the buildings. These maps show the real situation of the
modelled area.
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Fig.3 High-resolution maps of O; (left) and NO, (right) hourly concentration and wind fields averaged over simulation period 12-18/06/2017
produced by the WRF/Chem-PALMA4U 5 m simulation over 1 km by 1 km area of Madrid
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Fig.4 Spatial distribution with 5 m spatial resolution of the effects of trees (BAU-NOTREE %) on O; and NO, hourly averaged concentrations
for the period 12-18/06/2017
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Impact analysis

Once validated, the BAU, NOTREE, and ND simulations
are used to evaluate the effects of trees and type of trees on
concentration levels of O; and NO, concentrations. Figure 4
shows the changes in NO, and O; concentrations (%) if the
trees were removed from the green area (down-left). In the
figure, we can see that in the streets around the green zone,
the trees are increasing the NO, concentrations up to 20%;
these increases were also seen in other narrow streets further
away from the green zone. The increases in NO, next to the
park due to the presence of trees cause large decreases in
O; concentrations of up to 40%. In general, the presence of
trees decreases the temperature of the area and reduces the
O; concentrations; the trees decrease the concentration in
86.62% of the grid cells, with an average reduction of 4.84%,
but increase the NO, concentrations in 70.97% of the cells,
with average increases of 4.76% as the presence of the trees
hinders the ventilation in the area close to the green area.
Figure 5 shows the spatial distribution of changes (BAU-
ND %) in O; and NO, concentrations when changing from
broad-leaf trees in the green zone to needle-leaf trees. The
trees change the distribution of O; and NO, concentrations,
particularly on some hotspots. The effects of type of trees
(Fig. 5) are quite heterogeneous leading to decreases or
increases of O; and NO, concentrations at pedestrian height.

WRF/Chem-PALMA4U 5m 12-18/06/2017 AVG
BAU-ND O, (%)

5

442000

1km x 1km area

Changing the tree type from broad-leaf to needle-leaf
involves changing the minimum canopy resistance param-
eter (Rc_min) in Eq. 1. For broad-leaf trees (BAU), Rc_min
has a value of 240 s/m and for needle-leaf trees (ND) the
value changes to 500 s/m. 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 (LE) is lower
when calculated with Eq. 2 which causes an increase in tem-
perature. This temperature increase causes O; concentrations
to increase in 64.22% of the cells with an average increase
of 1.93% and NO, concentrations to decrease in 90.67% of
the grid cells with an average decrease of 1.69%.

_ Rc_min

Re Wf L(R)f2(Hm)f 3(e) (1)
1

L= _plv ra+ rc (qv - qv,sat) (2)

Rc Canopy resistance

LAI Leaf are index

2 Corrector factor based on soil humidity

10
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Fig.5 Spatial distribution with 5 m spatial resolution of the effects of type of trees (BAU-ND %) on O; and NO, hourly averaged concentrations

for the period 12-18/06/2017
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L Latent heat flux

Lv Latent heat of vapourisation

Ra Aerodynamic resistance

Rc Canopy resistance for vegetation

qv,sat Water vapor mixing ratio at temperature TO

Rc_min Minimum canopy resistance

fl Corrector factor based on solar radiation

f3 Corrector factor based on water-vapour pressure
deficit

p Air density. p: Air density

qv Water vapour mixing ratio

Conclusions

An integrated urban air quality modelling system has
been implemented. The tool includes an emission model
(EMIMO), a traffic model SUMO, a pollutant transport,
chemistry model (WRF/Chem), and the chemistry model
CFD PALMA4U (LES mode). The PALM4U 5 m simulation
reproduces pollutant dispersion in the presence of boundary
and top conditions supplied by the WRF/Chem 1 km simula-
tion, real building morphology, vegetation, and hourly emis-
sions. The results obtained allow us to confirm that the mod-
elling tool (WRF/Chem-PALM4U) presented is capable to
reproduce successfully the distribution of the concentration
of pollutants over urban areas; based on the performance
analysis in the location of the available monitoring station,
a full evaluation performance analysis with many stations is
needed to confirm the accurate of the results in other points
of the city. An experiment has been ran to analyse the effects
of trees and type of trees on air pollution. Three simula-
tions were run, with broad-leaf trees (BAU), without trees
(NOTREE), and with needle-leaf trees (ND) (changing the
type of tree over a green area) in a 1 km X 1 km area.
Results show that the effects of urban vegetation on
local air quality may be very complex and have a sub-
stantial impact in local and potentially large urban areas.
The trees can either decrease or increase NO, and O; con-
centrations over the 1 km X 1 km domain with different
impacts each day. On streets close to the green area, we
found that trees can increase NO, concentrations by up
to 20% and reduce O concentrations by 30%. However,
on the green area, trees can reduce NO, concentrations

@ Springer

by 5% with modest increments of O; of up to 2%. We
found that needle-leaf trees can decrease NO, concentra-
tions and increase O; concentrations. Trees in general and
needle-leaf trees reduce latent heat flux (Rc bigger than
broad-leaf trees) and increase sensible, ground heat flux,
and temperature, favouring O5 formation. The results are
agreeing with other studies where deposition velocities
were higher on needles than on broadleaves (Hwang et al.
2011) and that trees considerably affected the accumula-
tion of transported pollutants (Salmond et al. 2013). The
results are aligned with the conclusions found in (Vos et al.
2013); the effect of trees in air pollution is a complex issue
in the real life, and trees can increment the pollution by
the aerodynamic effects. To clarify, the conclusion of the
study does not propose tree cutting to improve air qual-
ity in cities, trees, and vegetation since, in general terms,
they have many other effects that improved/deteriorated
air quality, i.e., comfort of life, noise are important param-
eters to take into account.

The modelling tool applied over a real 3D urban topog-
raphy may provide a large amount of detailed information
with high-resolution about the flow concentration fields
and heat fluxes. This work demonstrates how these type
of numerical simulation tools may generate information
about potential mitigation actions on a scale of metres and
obtaining information on their effectiveness.
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