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Abstract: This study quantifies the vegetation impact on urban meteorology by means of the nu-
merical model WRF (Weather Research and Forecasting model). The assessment was made for two
months: July and January. These were considered as representative for the summer and winter
seasons, for the reference year 2015 in three European cities: Bologna, Milano, and Madrid. Two
simulations at 1 km resolution were conducted over the cities with and without the actual urban
vegetation, called VEG and NOVEG, respectively, in the model input. Then, the impact of vegetation
was evaluated as the difference between the two simulations (VEG-NOVEG) for temperature, relative
humidity, and wind speed fields. In general, we found that, as can be expected, urban vegetation
tends to cool the atmosphere, enhance the humidity, and reduce the wind speed. However, in some
cases, areas with the opposite behaviour exist, so that no a priori results can be attributed to the
presence of urban vegetation. Moreover, even when major impact is confined around grid cells where
urban vegetation is present, changes in meteorological quantities can be observed elsewhere in the
city’s area. The magnitude of urban vegetation impact is higher in summer than in winter and it
depends on the city’s morphological peculiarities, such as urban texture and vegetation types and
distribution: average July temperature variations due to the presence of urban vegetation reach peaks
of —0.8 °C in Milano, —0.6 °C Madrid, and —0.4 °C in Bologna, while in January, the values range
between —0.3 and —0.1 °C. An average heating effect of ca. +0.2 °C is found in some parts of Madrid
in January. For relative humidity, we found increments of 2%-3% in July and 0.5%-0.8% in January,
while a decrease in wind speed was found between 0.1 and 0.5 m/s, with the highest occurring in
Madrid during July.

Keywords: urban vegetation; urban heat island; urban meteorology; WRF; atmospheric modelling

1. Introduction

The urban heat island (UHI) is the typical microclimate regime of dense urban areas,
characterised by higher temperatures, leading to uncomfortable conditions for residents,
compared to the less-urbanised surroundings. Moreover, in the last few decades, ongoing
climate change has aggravated the UHI effects due to an increase in heat wave (HW)
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frequency, duration, and strength at the global level [1]. Similar results were found by [2],
including an expansion of the heat wave season, considering 50 large metropolitan areas
across the US. In Europe, ref. [3] investigated past HWs, estimating their frequency in the
next few decades induced by global warming, finding an increased probability of extreme
temperatures episodes in the period 2021-2040.

The UHI conditions can also affect people’s health, especially in the presence of pre-
existing cardiovascular and respiratory illnesses, leading to an increase in heat-related
mortality [4]. In Europe, more than 70,000 fatalities were estimated from the 2003 heat
wave [5], while [6] studied temperature-related extreme events, finding that HWs are the
major cause for deaths. Ref. [7] estimated future heat-related mortality in the Eastern US,
finding the greatest impact in many of the most urbanised counties. Many other studies
can be found at national and local levels, e.g., in Germany [8], Czech Republic [9], in Italy
including Rome [10], Istanbul [11], and Athens [12].

To face these effects and their worsening trend in a climate-changing environment, it is
crucial for local communities and governments to evaluate, plan, and implement mitigation
measures, especially in urban areas. In this respect, the use of numerical modelling capable
of describing the urban environment and its interactions with atmospheric dynamics and
thermodynamics represents a valid tool to support decision makers and stakeholders.
Among different approaches, several studies based on the use of high-resolution (1 km
or more) atmospheric models to quantify UHI are reported [13]. The Weather Research
and Forecasting (WRF) model [14,15] coupled with different urban parameterizations was
widely used in reproducing the urban meteorology, e.g., in Hong Kong [16], Chicago [17],
Barcelona [18], Chennai [19], Beijing [20], Berlin [21], and Athens [22]. In addition to good
UHI modelling, mitigation approaches need to be based on some effectiveness evidence to
be successfully implemented. Within cities, so-called Nature-Based Solutions (NBSs) can
be a valid instrument to mitigate UHI effects, especially those involving vegetation [23-25].
A major role is played by urban trees whose shadowing effect contributes to lower temper-
ature peaks cooling the air [26-28].

This work presents some of the results obtained in the framework of the EU-funded
VEG-GAP Life project (https:/ /www.lifeveggap.eu, accessed on 15 May 2023), quantifying
the effects of current urban vegetation on meteorological conditions in three selected cities
in Southern Europe having different extensions, morphology, and populations, Bologna
(141 km?, population ca. 400,000), Milano (181 km?, population ca. 1,400,000), and Madrid
(605 km?, population ca. 3,150,000), which can be considered as representative of small-,
medium- and large-sized European cities, respectively. In a companion paper to Mircea et al.
(2023) [29], we extensively address the impact of urban vegetation on air quality in these
three cities, using the meteorological data produced in this work. In spite of the continuous
reduction in anthropogenic emissions from 1990, the concentration of some pollutants
in European cities is still high; therefore, it is necessary to understand and quantify the
role of vegetation in cleaning the air through its impact on meteorology. Here, and in the
companion paper, the investigations are made with numerical models, as suggested by the
Air Quality Directive (Directive 2008/50/EC, https://eur-lex.europa.eu/legal-content/en
/ALL/?uri=CELEX:32008L0050, accessed on 11 June 2023).

Section 2 contains a description of the modelling setup used for simulating meteoro-
logical conditions in the three cities, together with a description of urban vegetation and
urban morphology used as input in the simulations. The results are presented in Section 3.
All the simulations were carried out with the WRF model with two different versions,
one for Italian cities and one for the Spanish city, and partly different configurations in
describing the atmospheric processes.
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2. Materials and Methods

In this investigation we chose the year 2015, the 4th warmest year globally according
to NOAA [30], when one of the worst HWs on record hit Europe [31,32], with relevant
impact on heat-induced mortality across the continent [8,9]. Moreover, in 2015, Madrid
experienced the longest HW of 24 days [33].

This choice allowed us to test our methodology in extremely warm conditions that are
more and more frequently happening (https://climate.copernicus.eu/climate-indicators
/temperature; https:/ /www.epa.gov/climate-indicators/climate-change-indicators-hea
t-waves, accessed on 11 June 2023 [34]), with global temperatures expected to reach new
records in the next five years (2023-2027) according to World Meteorological Organization
(WMO) Global Annual to Decadal Climate Update [35]).

To assess the impact of urban vegetation on meteorology, the WRF atmospheric model
was used [14,15]. WREF is a state-of-the-art atmospheric numerical model based on fully
compressible, Eulerian non-hydrostatic equations, on terrain following hybrid levels with
constant pressure surface as top of the model boundary. It is capable of simulating the
whole dynamics and thermodynamics of the atmosphere, giving the possibility to choose
among several parameterisation options for processes, such as radiation, microphysics,
surface layer, land surface model, and planetary boundary layer. The model can adopt
different nesting methods depending on the user choice: one-way, two-way, and moving
nesting options can be selected.

For this work, two simulations (VEG and NOVEG) for the whole year 2015 were
performed focussing on the three European cities Bologna, Milano, and Madrid (Figure 1),
considering computational grids having 1 km horizontal resolution. Except for urban
vegetation input data, both simulations share the same settings and inputs, including a
two-dimensional description of sub-grid distribution of urban fraction (3 urban classes
were considered for Milano and Bologna and 6 for Madrid; more details are provided
in Section 2.2). The difference between VEG and NOVEG resides in the definition of
vegetation fraction within the cells where urban fraction prevails, hereafter called “urban
vegetation” and “urban cells”, respectively. In VEG simulation, we considered the actual
urban vegetation distribution, thus reproducing the meteorological conditions impacted by
the present land cover conditions over the cities, while in NOVEG simulation, the urban
vegetation was replaced with barren soil to simulate the meteorological evolution of 2015
as if urban vegetation was absent. It is worth noting that, for both simulations, actual
vegetation was used in non-strictly urban cells, that is, in cells where vegetation fraction
prevails over urban fraction (hereafter named “vegetation cells”). Moreover, for NOVEG
simulation over Madrid, urban vegetation was replaced by barren soil only in the urban
cells located within municipality and containing urban trees and green spaces in the VEG
simulation, leaving unchanged urban cells containing uncultivated areas, dryland cropland,
or pastures, e.g., in peripheral or dismissed industrial areas (this treatment was suitable to
model Madrid’s peculiar land cover features; more details in Section 2.2 and in [36]). On the
other hand, in the case of Bologna and Milano, each urban cell of the domains was affected.
Models’ configurations over cities at 1 km resolution are described in Section 2.1, while
more details on vegetation types present in the three cities and their spatial distribution
can be found in Figure S1 and Table S3 in the Supportimg Information of the companion
paper [29].
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Figure 1. Location of the three cities. Map source: Google Maps.

2.1. Models and Parameterisations

To produce VEG and NOVEG simulations over cities in Italy and Spain, the WRF
model was run using similar settings. The configurations used for the high-resolution
domains (1 km) are reported in Table 1, while a description of coarser-resolution nested do-
mains used to perform the simulations is available in Table S1 in the Supporting Information
(SI). The simulation settings were defined after performing sensitivity tests on computa-
tional grids (domain extensions, resolution, and vertical level definition). Moreover, the
differences between the two versions of WRF used in the present study (v3.9.1.1 [15] for
Italian cities and v4.1.2 [14] for Madrid) are less relevant than the choice of physical schemes.
Furthermore, due to the comparative nature of this study, three aspects are the most rele-
vant: a good reproduction of the meteorological phenomena verified with measured data,
the possibility to include vegetation information in a similar way, and the morphology of
the city.

To improve the model performance in urban environment, the 100 m resolution
CORINE land cover [37] was adopted. In this scope, the 22 CORINE categories were
reclassified according to the 33 US Geological Survey (USGS) considered in WRE, following
the approach described in Section 2.2. Moreover, a multi-layer urban canopy model, the
Building Effect Parameterization (BEP; [38]), was activated in both WRF systems. The BEP
scheme builds its own “urban grid”, with up to 18 vertical levels to describe the impact
of urban structure on airflow and considering the urban and vegetation type and fraction
within the grid cell.

In addition to surface properties (albedo, heat capacity, emissivity, etc.) needed by the
standard WREF version, the application of the BEP urban parametrization requires some de-
tails regarding the urban morphology (height of buildings, street width, etc.) for each urban
category and for each city. This information comes from high-resolution public cartographic
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databases (National Cartographic portal for Italian cities, http:/ /www.pcn.minambiente.
it/mattm/, accessed on 11 June 2023; Autonomous body National Center for Geographic
Information, https:/ /centrodedescargas.cnig.es for Madrid, accessed on 11 June 2023) that
were statistically analyzed within administrative city’s boundaries through a geographic
information system (GIS). In Table 2a,b, relevant input BEP parameters estimated for the
three cities are shown.

Table 1. Description of models’ setup over Italy (Milano and Bologna) and Spain (Madrid).

Modelling Setup Italy (Milan, Bologna) Spain (Madrid)
Model WRF v3.9.1.1 [15] WRFv4.1.2 [14]
PROCESSES
Microphysics WREF Single Moment 6-class scheme [39] WREF Single Moment 6-class scheme [39]
Cumulus Parameterization Off Off
PBL Scheme Mellor Yamada Janjic (MY]; [40]) Bougeault-Lacarrére PBL (BOULAC; [41])
Surface layer Monin-Obukhov/Janjic Eta [42] Monin-Obukhov /Janjic Eta [42]
Urban Parameterization BEP [38] BEP [38,43]
Land Surface Noah LSM (Land Surface Model, [44]) Noah LSM (Land and Surface Model, [44])
Longwave Radiation RRTMG [45] GFDL [46]
Shortwave Radiation RRTMG [45] MMS5 Dudhia [47]
Landuse database Corine Larl}cé ggggrjgsljegnapped to Corine Land Co;;rjgisegr)napped to USGS
Number of vertical layers 41 39
Vertical extent 25,000 m 17,600 m
Horizontal resolution 1 km 1 km

Table 2. (a) BEP relevant inputs: street and building width for the three urban categories. Units
in m. (b) BEP relevant inputs: building fractions for the three urban categories as a function of

height classes.
(@
Urban Categories Parameters Bologna Madrid Milan
Street Width 13 20 15
Low density residential
Building Width 31 20 28
Street Width 12 25 20
High density residential
Building Width 40 17 25
Street Width 18 30 25
Commercial
Building Width 64 13 53
(b)
City Building Height (m) Low Density Residential (%)  High Density Residential (%) Commercial (%)
5 8 2 10
10 29 11 57
15 27 42 23
Bologna 20 21 29 5
25 8 11 2
30 5 3 2
35 2 2 1
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Table 2. Cont.
(b)
City Building Height (m) Low Density Residential (%)  High Density Residential (%) Commercial (%)

5 4 3 15
10 11 6 22
15 59 18 38

Madrid 20 8 15 12
25 12 27 7
30 3 13 3
35 3 18 3
5 19 11 15
10 32 19 59
15 14 14 15

Milan 20 13 24 5

25 10 17 3
30 6 9 1
35 6 6 2

2.2. Input Data

Hereafter, a detailed description of input data to WRF is given, particularly focussing
on how vegetation and urban fraction layers were produced.

2.2.1. Boundary and Initial Conditions

WREF simulations at 1 km resolution (settings detailed in Table 1) were obtained
through consecutive nesting from coarser domains. Concerning Bologna and Milano, two
2-way nested domains at 12 and 4 km resolution were used before the final 1-way nesting to
1 km, while the target simulation over Madrid was obtained adopting three 2-way nested
grids at 27, 9, and 3 km resolution, respectively, before performing the final 1-way nesting
simulation at 1 km resolution. Both modelling chains made use of ERA-5 reanalysis [48] at
the boundary of their respective coarser domain. More detailed information on the WRF
computational domains is provided in SI (Figure S1 and Table S1).

2.2.2. Urban and Vegetation Types and Distribution

The urban-type description requested by BEP parameterisation was obtained by
remapping the classes of the Corine Land Cover into the WREF/BEP urban classification,
using the following correspondence scheme: 111 (continuous urban fabric) into 32 (high-
intensity residential); 112 (discontinuous urban fabric) into 31 (low-intensity residential);
12X (industrial or commercial units, road and rail networks and associated land, port areas,
airports), 13X (mineral extraction sites, dump sites, construction sites) and 142 sport and
leisure facilities into 33 (commercial/industrial); 141 (green urban areas) into 15 (mixed
Forest). A dataset of urban classes in geographic coordinates at 3” (~100 m) was built in
the format accepted by WREF pre-processor of geographic data GEOGRID. The geographic
area covered by the urban dataset is coincident with that covered by Corine Land Cover
classification. The standard application of WRF pre-processor allows one to obtain the
urban class distribution on the simulation domains at the required spatial resolution.

Vegetation in urban areas is poorly detailed in all the land cover datasets included in
WREF software releases mentioned in Table 1 and even in the Corine Land Cover, which
describes major urban park areas but does not consider the presence of street trees and
small gardens. The surface cover description was, therefore, improved to achieve reliable
mapping of urban vegetation and a better definition of the urban fraction that can be associ-
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ated with each urban cell. Municipal public green inventories, including the description of
each tree species and main features, were integrated with regional forest map to improve
CORINE Land Cover. The plant functional type and total vegetation fraction were then
derived integrating the species-specific grid-dependent vegetation cover. Figure 2 shows
a magnification of the three WRF domains with the prevalent urban class (top) and the
vegetation fraction (bottom) at every grid point.

0 5 10km e
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Figure 2. Distribution of the three urban categories prevalence (top row) and vegetation fraction
(bottom row) on the WRF grid cells zoomed in over Bologna (left), Milano (centre), and Madrid
(right). Pale red, red, and grey colours in top row indicate low-density residential, high-density
residential, and commercial /industrial classes, respectively. The vegetation fraction is shown by a
green palette, where dark green indicates highest values. Note the different dimensions of the cities
where the same scale bar indicates a 10 km distance in each plot.

Moreover, to take advantage of detailed information over Madrid and to more realisti-
cally describe different urban vegetation types, we added new urban land use classes (34 to
36) in parallel to the three original ones (31 to 33) to represent vegetation type within the
non-urban cells (more details in [43]).

In the Supporting Information of the companion paper, Mircea et al. (2023) [29], the
reader can find a more detailed insight for which are the most relevant tree species present
(Table S3) and the fractional land cover maps of different vegetation species (Figure S3) for
the three cities.

2.3. Evaluation Approach

To compare the effect of current urban vegetation on meteorological conditions in the
three cities, we considered some relevant meteorological parameters, such as temperature
(T), relative humidity (RH), and wind speed (WS), near the ground. For sake of simplicity
and without loss of generality, we present the results for two representative winter (January)
and summer (July) months in terms of differences in the above-mentioned quantities
between the two simulations: VEG-NOVEG. Other quantities, such as latent and sensible
heat fluxes (LHFs and SHFs), that can be related to convective turbulence and stability
are presented in SI. Moreover, the reader can refer to [29] for additional considerations
regarding the effect of urban vegetation on the Planetary Boundary Layer Height (PBLH),
which has an important impact on air quality.
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In SI (Table S2), an extensive validation of the model against observed parameters
is presented, finding WRF simulations reasonably good and generally in line with the
benchmarks suggested in the literature [49,50].

All analyses and plots presented here were performed using R Statistical Software
(v4.0.3; [51]) together with AirVeg (https://gitlab.com/simularia/veg-gap/airveg, ac-
cessed on 11 June 2023) and Tidyverse [52] packages.

3. Results and Discussion

Figures 3 and 4 show the average difference in VEG-NOVEG simulations computed
from WREF hourly outputs for T (top row), RH (middle row), and WS (bottom row), refer-
ring to Bologna (left column), Milano (middle column), and Madrid (right column), for
July and January, respectively. Firstly, it is worth mentioning that in Madrid, the spatial
distribution of the differences roughly residing within the municipality arises from the fact
that vegetation areas located outside the municipality boundaries were left unchanged in
the NOVEG simulation for this city, as mentioned in Section 2.

Milano Madrid
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Figure 3. Average difference (VEG—NOVEGQG) in July for T (top row), RH (middle row), and WS
(bottom row) referred to Bologna (left column), Milano (middle column), and Madrid (right column).

In Figures 3 and 4, negative values indicate that, on average, the presence of urban
vegetation results in lower T, RH, and WS, while positive values indicate the opposite.
In general, it is worth noting that the impact clearly depends on the city and the season.
Moreover, the patterns tend to be correlated with the vegetation distribution in the urban
cells (see Figure 2), from which vegetation was removed in the NOVEG simulations. This
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fact is especially evident in July, indicating a more active role of vegetation in summer than
in winter. This is also suggested by looking at LHF and SHF differences, which are strictly
related to the presence of vegetation and spatial distribution, finding more pronounced
variations in July than in January (maps in Figures S2 and S3).
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Figure 4. Same as in Figure 3 but referring to January.

Focussing on the single quantities, we note that for temperature in July (Figure 3, top
row), a cooling effect is dominant, and the major differences occur in the two largest cities,
Milano (up to —0.8 °C month average) and Madrid (up to —0.6 °C), while in Bologna, the
maximum average cooling reaches —0.4 °C. In Madrid, the cooling effect does not extend
far towards the north part of the municipality, where vegetation-dominated cells prevail
over urban dominated ones (see Figure 2), meaning that vegetation was not removed in
the NOVEG simulation. In January, the effect of urban vegetation on temperature is less
pronounced (Figure 4, top row), with a resulting maximum cooling effect ranging from ca.
—0.2 °C in Milano to —0.15 °C + —0.25 °C in Bologna and Madrid, respectively. It is worth
noting that in Madrid, an average warming effect of 0.1 °C + 0.2 °C is present in some grid
points inside the city (Figure 4, top row, right column). This result suggests that no overall
cooling effect can be expected within the cities due to the presence of urban vegetation, and
an opposite sign signal may result in limited areas.

Coherently with the changes observed in temperature, the presence of urban vege-
tation tends to increase the monthly average RH (positive values in the Figures, middle
row), around 1% in July (Figure 3, highest values in Milano, up to 3%) and to ca. 1% in
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January in Madrid, when Bologna and Milano increments reach maximum values around
0.8% and 0.5%, respectively (Figure 4). The rise of RH due to vegetation is attributable, in
addition to lower temperatures, to the evaporation/transpiration processes associated with
the presence of vegetation that tends to locally increase the atmospheric humidity; this is
also evident in the LHF increment shown in the SI (Figure S2).

As expected, the presence of urban vegetation reduces wind speed by generating
mechanical turbulence given to higher roughness length. This is highlighted both in July
and January by negative values on the maps (Figures 3 and 4, bottom row). Wind speed
differences are found to be higher in July than in January and range from —0.5 m/s to
—0.1 m/s, with the highest values recorded in Madrid; this may depend on differences
in the city morphologies and vegetation types and distribution but also on the meteoro-
logical conditions characterizing the city locations. Indeed, it is worth mentioning that
the Po Valley, where Bologna and Milano are located, is characterised by low wind speed
regimes, especially during winter, when stagnation conditions often occur, also causing
air pollution peaks [53,54]. The higher variation detected in Madrid during winter for
RH, WS, and surface fluxes suggests a significant impact of the vegetation composition.
Ref. [36] estimated that Madrid trees have 13% of evergreen needleleaf trees and 2% of
evergreen broadleaf trees, which can explain why the vegetation impact on humidity and
latent heat flux remains more significant during the winter than in Bologna and Milano
where deciduous species are largely dominant.

Figures 3 and 4 show that, in general, the effect of urban vegetation on meteorology
depends on the city and the season, and maximum differences are confined around urban
vegetation cells (patterns in Figures 3 and 4 to be compared to those in Figure 2). Nonethe-
less, a discernible impact, although lower, can be observed in other areas by looking in
detail at the temporal variations. Focussing on temperature only (RH and WS are available
in SI), Figure 5 shows the daily cycle of the median of temperature difference calculated
separately over urban cells and vegetation cells located within the municipality borders of
Bologna, Milano, and Madrid (left, middle, and right columns, respectively). Blue curves
refer to January and red ones to July, while the corresponding shaded areas encompass the
interval between the 90th and 10th percentiles. We recall that urban/vegetation cells are
grouped according to the prevalence of urban/vegetation type in the land use database
following the USGS classification.

In January, at midday, the difference in VEG-NOVEG tends to be positive in some
cases, with a more pronounced signal in urban cells. This occurs for the median in Madrid
(blue curve, right column), indicating a heating effect of vegetation in some urban cells,
from which vegetation was removed in the NOVEG simulation. A possible role in this
local heating could be played by latent heat release due to the presence of urban vegetation
(see Figure S2). In July, the trend is similar (red curves), with a more pronounced daily
cycle amplitude with respect to January. During the night, air is cooled due to the presence
of vegetation in urban cells, even more than 1 °C in Milano (middle column), while the
heating effect is observed in some cases during the daytime hours, especially in Madrid and
Bologna. For the three cities in July, some negative and positive peaks appear in the second
part of the day, when convective turbulence is fully developed. These features are probably
associated with diurnal summer local circulation patterns, causing advection from other
parts of the city area. It is worth noting that in the case of Milano (middle column), only a
small difference in temperature variations between urban and vegetation cells is present,
both in January and July. This behaviour denotes that the effect of urban vegetation tends
to spread over all the cells in the municipality, with local fluctuations not strictly correlated
with the local vegetation cover density. A possible explanation may be related to the fact
that in Milano, urban cells outnumber vegetation cells (184 vs. 45 points), so that the urban
“forcing” is stronger and propagates more effectively.
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Figure 5. Daily cycle of the median, 10th, and 90th percentile temperature difference (VEG—NOVEG)
within Bologna, Milano, and Madrid municipalities (left, middle, and right columns, respectively).
Top row refers to quantities calculated over urban cells where vegetation fraction was removed in
NOVEG simulations, while bottom row shows quantities calculated over vegetation cells where
urban fraction is not prevalent and vegetation fraction was unchanged in both simulations. Colours
refer to January (blue) and July (red), while shaded areas encompass the interval between 90th (upper
bound) and 10th (lower bound) percentiles. Units in °C. The number of grid points associated with
cell type is indicated in the panels.

Similar plots are presented for RH and WS in Figures 54 and S5, respectively. It is
shown that for RH, the largest variability is observed in July and is larger in Milano and
Madrid than in Bologna. The variation in RH differences can be associated, in part, to the
changes observed in T but also to other parameters that are affected by vegetation, such
as, among others, ground water content, heat fluxes, and precipitation. This may explain
the January variability observed in Madrid urban cells vs. vegetation cells, while no great
difference is observed in the temporal variations when comparing other cities and months.
Concerning WS (Figure S5), the variability in the three cities is significantly less evident
in January than in July, when, during the second part of the day, conspicuous differences
(positive and negative) are present, likely associated with summer local circulation patterns
triggered by convection, strongly affecting WS. No clear difference is noted between urban
and vegetation cells for Milano and Bologna, while higher values are observed in Madrid
vegetation vs. urban cells in July.

In addition to the temporal variability shown in Figure 5 for a whole city, the spatial
and temporal variability in temperature differences over the grid points within the munici-
palities is shown in Table 3 for different averaging time periods, hourly and daily values,
which are calculated considering 744 (hours in a month) and 31 (days in month) records,
respectively. Taking, as reference, the monthly values (Figures 3 and 4), we note that the
impact of urban vegetation on temperature in the cities can be highly variable among grid
cells when looking at hourly values and daily values.
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Table 3. Variability in temperature differences (VEG-NOVEG) due to vegetation and temperatures
(VEG) over the municipality area. Monthly and yearly values show only the spatial variability, and
the former values are representative of Figures 3 and 4. Hourly and daily values include temporal
variability through min and max values, considering 744 hourly and 31 daily records per month.
The bold values highlight the hourly and daily extremes: blue indicates a cooling effect (lower
temperature in presence of vegetation) and red the opposite. Units are in °C.

Temperature VEG-NOVEG VEG
City Average  Month Minimum Mean Maximum Mean
Min Max Min Max Min Max Min Max
January —24 0.00 —0.46 0.40 —0.10 4.6 -3.2 14
hourly
July —5.6 0.00 -15 19 —0.13 4.5 18 33
dail January —0.30 —0.10 —0.12 0.00 0.00 0.20 2.0 13
ai
Bologna Y July —0.60 —0.20 —0.32 —-0.10 0.00 0.28 23 32
January -0.15 -0.10 0.00 6.1
monthly
July —0.35 —0.20 0.00 28
yearly —0.25 —0.15 0.00 15.6
January -1.7 0.00 —0.53 0.23 —0.23 14 -1.8 16
hourly
July —4.4 0.87 —1.94 2.38 —0.90 5.6 17 37
dail January —0.4 —0.14 —0.20 0.00 —0.13 0.2 2.4 11
. ai
Milano Y July —1.0 —0.35 —0.64 —0.18 —0.41 0.15 23.2 30
January —0.20 —-0.13 —0.10 6.2
monthly
July —0.78 —0.50 —0.34 27.4
yearly —0.40 —0.28 —0.20 15.5
January —4.7 0.00 —0.80 0.42 0.00 2.6 —-1.7 15
hourly
July —5.2 -0.1 -1.2 1.2 0.00 4.3 17 39
dail January —0.6 -0.0 —0.10 0.0 0.00 0.43 0.48 13
) ai
Madrid Y July —1.0 —0.4 —0.30 0.0 0.00 0.44 23 32
January —0.25 0.00 0.23 5.3
monthly
July —0.57 —0.20 0.10 29
yearly —0.53 —0.10 0.10 16

Concerning hourly value variability, extreme temperature difference values (bold blue
and red text in Table 3) are found in July for Madrid (—5.2 to +4.3 °C) and Milano (—4.4 to
+5.6 °C), while Bologna presents a maximum in January (+4.6 °C, which is similar to what is
found for July: +4.5 °C) and a minimum in July (—5.6 °C). When looking at daily averages,
the largest variability occurs in July for Bologna (—0.60 °C to +0.28 °C) and Madrid (—1.0
to +0.44 °C), while Milano presents the maximum difference in January with +0.2 °C and
the minimum in July (—1.0 °C). The alternation of hourly negative and positive values
leads to a decrease in daily and, further, monthly and yearly temperature differences. It can
be noted that large local hourly fluctuations are, therefore, estimated even during winter
periods where the monthly average changes are rather limited.

If we look at the whole year and compare the mean temperature modelled in the three
cities (VEG simulation, last column in Table 3) with the variation due to the presence of
urban vegetation, we see a net cooling effect of —0.15 °C (average temperature 15.6 °C)
in Bologna, —0.28 °C (15.5 °C) in Milano, and —0.10 °C (16 °C) in Madrid. Those values
are significant from the perspective of climate change adaptation and mitigation efforts
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when planning measures such as Nature-Based Solutions (NBSs) to limit climate-change-
associated risks (Intergovernmental Panel on Climate Change, annual report 2022, [55]).

Finally, looking at the dependence of temperature differences on the vegetation frac-
tion, Figures S6-S8 present whisker plots from hourly values for Bologna, Milano, and
Madrid, respectively, as a function of the vegetation fraction for urban and vegetation
cells. It is worth noting that, as mentioned before, the cell classification was performed
considering the land use database information and the vegetation fraction from the actual
vegetation database that was processed, as described in Section 2. Therefore, the vegetation
fraction can span different values in cells with a given dominant land use other than urban.
Boxes in the figures show that there is not a clear dependence of temperature differences
on the vegetation fraction within the cells in the three cities. Even if, as highlighted before,
the cooling effect due to the presence of urban vegetation is predominant, especially in July,
the whiskers, spanning the interval 10th-90th percentile, show that, in both months, for the
three cities, a strong variability is present for both positive and negative values, implying
that the atmosphere interacts in a complex way with the urban texture and vegetation
characteristics, such as type and distribution. Similar variability is also observed for RH
(Figures S9-511) and WS (Figures S12-514) and, even in this case, the average effect is more
pronounced in July than in January. Again, the RH and WS variability dependency on
vegetation fraction or cell type is not obvious. The lack of dependency of meteorological
data variability on the green area fraction assessed at the grid cell level suggests that the
changes in urban atmosphere are due to the overall urban vegetation cover and, there-
fore, its spatial and temporal variability should be assessed at the city level to capture the
variations induced by the vegetation scenario on the local circulation patterns.

4. Conclusions

This study shows how urban vegetation affects meteorological variables, such as
temperature, relative humidity, and wind speed, in a city. The investigation was conducted
for three cities in Southern Europe, Bologna, Milano, and Madrid, using the meteorological
model WRF at 1 km resolution. The evaluation of a monthly average for January and July
2015 shows that the vegetation in urban areas is reducing the temperature and wind speed
while increasing the relative humidity. The magnitude and spatial distribution of the impact
depend on the season and the city; characteristics, such as the size and the morphology of
the urban areas where the vegetation is distributed, as well as the local weather regime due
to city’s location, have an impact. Concerning the temperature, we found that a heating
effect can occur, as found in localized areas in Madrid in January, and is attributable to
latent heath release associated with the presence of vegetation. The analysis of the daily
cycle of the temperature variations in the three cities shows that their magnitude varies
within the city, depending on the cell type (urban cells or vegetation cells) and on the hour
of the day. Moreover, as expected, the variability is higher in summer, when the vegetation
is at its maximum activity, than in winter. The analysis showed that, sometimes, the heating
effect occurs, particularly in Madrid, with a maximum around midday. In summer, large
variability in temperature differences is present in all three cities, with some negative and
positive extreme values occurring in the late evening and probably associated with air mass
advection triggered by diurnal summer local circulation patterns causing advection from
other points within the city area. Looking at the variation in meteorological parameters as
a function of grid cell vegetation fraction, no clear relationship was found, while a large
variability was observed in all parameters, higher in July and more dependent on cities than
on urban/vegetation cell type. This result put forward the recommendation of assessing
the impact of vegetation on meteorological conditions by carrying out simulations at the
city level for periods of time representative of different atmospheric conditions, in order to
consider all the interactions between vegetation characteristics and city morphology with
atmosphere. Here, for the first time, the impact of vegetation on meteorological variables
in three urban areas using real tree inventories was assessed in a realistic way. This is a
fundamental step to evaluate the impact of vegetation on air quality in the three cities
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considered here [29]. Overall, the results show that the long-time (monthly to yearly)
mean impact of vegetation has a positive effect on the urban microclimate, decreasing
temperature and increasing the humidity, while the reduction in wind speed reduces
ventilation, with a potential negative impact on local pollutant emission dispersion.

The strong dependence of meteorology on vegetation and on a city’s peculiarities
emphasises the importance of further similar studies in other cities as a basis (i) to assess the
vulnerabilities and impact of future tree planting and other kinds of Nature-Based Solutions
and (ii) to improve the models’ parameterisations describing the concurrent interactions
between atmosphere, vegetation, and city morphology in the urban environment.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/f14061235/s1, Figure S1: Domains used for simulations
over Italy (Milano and Bologna, left) and Spain (Madrid, right); Table S1: Domain specifications;
Table S2: WREF statistical scores over Bologna, Milano and Madrid [36] computed for tempera-
ture (T), relative humidity (RH) and wind speed (WS) against local networks surface observations;
Figure S2: Average difference (VEG-NOVEG) for Latent Heat Flux (LHF, W/m?), for January
(top row) and July (bottom row), referred to Bologna (left column), Milano (middle column) and
Madrid (right column); Figure S3: Same as in Figure S2 but referred to Sensible Heat Flux (SHF);
Figure S4: Daily cycle of the median, 10th and 90th percentiles RH difference (VEG-NOVEG) within
Bologna, Milano and Madrid municipalities (left, middle and right column, respectively). Top row is
referred to quantities calculated over Urban cells where vegetation fraction was removed in NOVEG
simulations, while bottom row shows quantities calculated over Vegetation cells where urban fraction
is not prevalent and vegetation fraction was unchanged in both simulations. Colours refer to January
(blue) and July (red), while shaded areas encompass the interval between 90th (upper bound) and
10th (lower bound) percentile. Units in %. The number of grid points associated with cell type
is indicated in the panels; Figure S5: Daily cycle of the median, 10th and 90th percentiles WS dif-
ference (VEG-NOVEG) within Bologna, Milano and Madrid municipalities (left, middle and right
column, respectively). Top row is referred to quantities calculated over Urban cells where vegetation
fraction was removed in NOVEG simulations, while bottom row shows quantities calculated over
Vegetation cells where urban fraction is not prevalent and vegetation fraction was unchanged in
both simulations. Colours refer to January (blue) and July (red), while shaded areas encompass the
interval between 90th (upper bound) and 10th (lower bound) percentile. Units in m/s. The number
of grid points associated with cell type is indicated in the panels; Figure S6: Boxplots of hourly T
difference (VEG-NOVEGQG) as a function of vegetation fraction within the urban cells, divided into
urban and vegetation cells, inside the municipality of Bologna. Whiskers span the interval 10th to
90th percentile. Blue (red) colour refers to January (July); Figure S7: Same as in Figure S6 but referred
to Milano; Figure S8: Same as in Figure S6 but referred to Madrid; Figure S9: Boxplots of hourly RH
difference (VEG-NOVEG) as a function of vegetation fraction within the urban cells, divided into
urban and vegetation cells, inside the municipality of Bologna. Whiskers span the interval 10th to
90th percentile. Blue (red) colour refers to January (July). Units in %; Figure S10: Same as in Figure S9
but referred to Milano; Figure S11: Same as in Figure S9 but referred to Madrid; Figure 512: Boxplots
of hourly wind speed (WS) difference (VEG-NOVEG) as a function of vegetation fraction within the
urban cells, divided into urban and vegetation cells, inside the municipality of Bologna. Whiskers
span the interval 10th to 90th percentile. Blue (red) colour refers to January (July); Figure S13: Same
as in Figure S12 but referred to Milano; Figure S14: Same as in Figure S12 but referred to Madrid.
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