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RESEARCH ARTICLE

Integrating Copernicus land cover data into the i-Tree Cool Air model to 
evaluate and map urban heat mitigation by tree cover
Rocco Pace a,b, Francesca Chiocchini a, Maurizio Sarti a, Theodore A. Endreny c, Carlo Calfapietra a 

and Marco Ciolfi a

aResearch Institute on Terrestrial Ecosystems (IRET), National Research Council (CNR), Porano, Italy; bInstitute of Meteorology and Climate 
Research, Atmospheric Environmental Research (IMK-IFU), Karlsruhe Institute of Technology (KIT), Garmisch-Partenkirchen, Germany; 
cDepartment of Environmental Resources Engineering, SUNY ESF, Syracuse, NY, USA

ABSTRACT
Cities host more than half of the world’s population and due to global warming and land use 
change their vulnerability to deadly heat waves has increased. A healthy vegetated landscape 
can abate heat wave severity and diminish the related urban heat island through the process of 
evapotranspiration. This research aimed to develop a methodology for cities to use publicly 
available Copernicus land cover maps within the i-Tree Cool Air water and energy balance model 
to map air temperature and humidity. The manuscript presents proof of concept using Naples, 
Italy with its Mediterranean climate characterized by limited soil water for cooling via evapo-
transpiration. The approach achieved strong correlations between predicted and observed air 
temperatures across the city (r ≥ 0.89). During the warm season of 2020, forested land cover was 
5°C cooler than land cover dominated by impervious cover. Simulated land cover change, limited 
to a 10% increase or decrease in tree cover, generated an inverse change of 0.2°C in maximum 
hourly air temperature, with more trees obtaining cooler air. Soil water limited the cooling, with 
the generally wetter spring season enabling greater cooling of air temperatures, and summer 
droughts without irrigation had constrained cooling. Sustainable urban design will likely require 
an increase in plant cover along with a reduction of impervious surfaces that absorb and 
reradiate heat in order to improve community resilience to heat waves.
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Introduction

A threatening consequence of global warming is the 
increased frequency and intensity of heat waves 
(Meehl & Tebaldi, 2004; Russo et al., 2014). The health 
risks associated with the intensification of heat waves 
are considerable (Baldwin et al., 2019), especially for 
the vulnerable population (McGeehin & Mirabelli, 
2001). A single heat wave during the summer of 
2003 caused 70,000 deaths in Europe (Robine et al., 
2008), and a heat wave during July 2010 in Moscow 
caused approximately 56,000 deaths (Rahmstorf & 
Coumou, 2011). The intensification of heat waves 
has been attributed to climate change, which exacer-
bates the effect of land cover change and growth of 
urban populations, leading to hotter summers in 
urban areas (Guerreiro et al., 2018). Prior to climate 
change urban areas were hotter than rural areas due to 
the diminished vegetation cover, heat absorbing struc-
tures, and concentrated anthropogenic heat produc-
tion, e.g. warming homes, powering industry. This 
phenomenon of hot urban areas surrounded by cooler 
rural areas is called the urban heat island (UHI), and 
the UHI makes urban areas more susceptible to heat 
waves (D. Li & Bou-Zeid, 2013; Ward et al., 2016). As 

a result, heat waves in urban areas are likely to be more 
severe than in rural areas due to the additive effects of 
UHI-related warming (Founda et al., 2015; He et al., 
2021; Rizvi et al., 2019), which vary according to land 
use characteristics and weather conditions, with gen-
erally more intense effects in areas characterized by 
densely built structures and low wind speed condi-
tions (Ngarambe et al., 2020).

Efforts to cool cities with air conditioning powered 
by fossil fuels will intensify the problem, releasing 
additional anthropogenic heat and greenhouse gases. 
Urban areas currently generate approximately 70% of 
the anthropogenic greenhouse gas emissions (UN- 
Habitat, 2020), which cause heat wave intensification 
(Guo et al., 2018). Urban planning demands effective 
climate change adaptation and mitigation strategies by 
cities to minimize the impacts of heat waves (Haines 
et al., 2006). The pursuit of urban greening strategies, 
often employed for stormwater management such as 
nature-based solutions, can theoretically contribute to 
adaptation, e.g. cooling the air, and mitigation, e.g. 
sequestering carbon (Norton et al., 2015; WWAP, 
2018). Indeed, the use of effective green infrastructure 
can offset the UHI impact during heat waves, which 
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are increasingly frequent and intense in a future war-
mer climate (Tewari et al., 2019).

Field studies have documented the cooling impact 
of evapotranspiration during summer days, often 
using sampling transects that pass from vegetated to 
impervious cover, with vegetated areas ranging from 
1°C to 6°C cooler than areas with impervious cover 
(Bowler et al., 2010a; Oliveira et al., 2011). 
Heterogeneity in land cover and use contributes to 
the limitations (Ziter et al., 2019), and cities have 
high spatial and temporal heterogeneity in land cover 
and use classes. While urban impervious spaces often 
prevail over green ones, imperviousness and trees can 
co-occur at the same place, e.g. in tree-lined avenues. 
The interaction between impervious surface cover and 
tree canopy cover influences air temperature over the 
urban area, depending on their spatial arrangement, 
extent, and distribution (Cadenasso et al., 2007). 
Obtaining a landscape perspective of how urban 
greening contributes to microclimate regulation is 
complex and laborious using in-situ observations, 
while remote sensing aerial or satellite approaches 
are limited to measuring land surface temperatures, 
not air temperature (Klok et al., 2012; Sobrino et al., 
2012; Zhang et al., 2017). Ambitious studies have 
deployed vehicles along roadways to obtain tens of 
thousands of air temperature measurements 
each hour, and then statistically regressed those air 
temperature data with their corresponding land 
cover and use data, derived from remotely sensed 
satellite imagery (Shandas et al., 2019). The statistical 
regression between observed air temperature and land 
cover allowed researchers to extend their estimates of 
the atmospheric UHI across the entire city, beyond the 
roads, but the map was only good for that one hour of 
that day (Shandas et al., 2019). The integration of 
remotely sensed land cover data with models that 
estimate how vegetation cover can regulate air tem-
perature is a promising way forward in designing 
urban resilience (Smith et al., 2021).

There is great utility in making accurate predictions 
of how urban greening can enable greater evapotran-
spiration to partition net radiation into cooler air 
temperatures, allowing the design of more resilient 
communities. To support such predictions, scientists 
have developed techniques to better understand how 
plants transpire water, using tools that measure water 
release through plant leaf stomata (Konarska et al., 
2016) or measure sap flux density through plant 
stems as transpiration rates (Rahman et al., 2017). In 
such studies the effect of evapotranspiration on air 
temperature can be directly measured with thermis-
tors that detect changes in sensible heat, or remotely 
with indirect radiation detection, such as handheld or 
satellite infrared cameras using charged coupled 
devices that receive the land surface skin outgoing 
longwave radiation and infer the surface temperature 

(Massetti et al., 2019; Speak et al., 2020). Urban tree 
canopy temperatures were also measured and vary 
according to species, land cover type and weather 
conditions (Meier & Scherer, 2012; Rahman et al., 
2017). Unfortunately, these in-situ measurement tech-
niques have fallen short in their ability to characterize 
air temperature across the urban unit and over 
extended time periods.

Mechanistic models, defined as representing the 
biophysical processes involved in evapotranspiration, 
have the potential to overcome the limitations of mea-
surements and of statistical models constrained to the 
place and time of their measurements. These mechan-
istic models can characterize how the distribution of 
water and land cover interact to regulate the air tem-
perature of cities. While three dimensional computa-
tional fluid dynamics models can resolve the 
interaction of vegetation and turbulent winds on the 
evolution of microclimate (Buccolieri et al., 2018), 
these models require detailed computational cells 
and parameterization that make them infeasible for 
city scale applications. More feasible are one dimen-
sional mechanistic models using inputs of tree struc-
ture and meteorological time series, which have 
proved accurate in predicting how evapotranspiration 
regulated air temperature about trees plots within 
cities (Pace et al., 2021; Rötzer et al., 2019). The 
detailed tree structure or boundary condition data 
used by such models has limited them to assessments 
of heat mitigation by vegetation only at a limited spa-
tial or temporal scale (Gatto et al., 2021; Zölch et al., 
2016).

Urban canopy models incorporated tree pro-
cesses into their energy balance (Krayenhoff et al., 
2014; Lee & Park, 2008) and explicitly consider the 
radiative shading, evapotranspiration, and root 
water uptake of urban trees in street canyons and 
evaluate thermal comfort conditions at street level 
(Redon et al., 2020; Wang et al., 2021). A suitable 
city-scale and parsimonious approach to model 
inputs is provided by the one dimensional mechan-
istic i-Tree Cool Air model, described as 
a physically based analytical spatial air temperature 
and humidity model, which simulates the water 
and energy balance of evapotranspiration (Y. Yang 
et al., 2013). The i-Tree Cool Air model uses remo-
tely sensed inputs of land cover derived for the US 
along with time series data from a single weather 
station to estimate the air temperature across 
mesoregions, and has evaluated the heat mitigation 
by urban tree cover and the related health effects 
for US cities (Sinha et al., 2021, 2022). Authors 
estimated spatially and temporally explicit reduc-
tions in temperature and heat-related mortality 
associated with a 10% increase in tree cover in 
several U.S. cities. The reduction of heat-related 
mortality vary widely across cities, in function of 
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demographics, land cover, and local climatic con-
ditions, with higher percentage in reduction for 
hotter and drier cities. Model results were com-
pared with urban weather stations in Syracuse, 
NY, achieving a good correlation for air (R2 from 
0.81 to 0.99) and dewpoint temperature (R2 from 
0.81 to 0.99; Y. Yang et al., 2013). So far, this 
model was only tested and applied for United 
States locations, where urban settings, tree/imper-
vious cover and weather conditions can be very 
different and produce different results.

The aim of this manuscript was to develop 
a methodology for European cities to use remotely 
sensed land cover maps within a water and energy 
balance model that predicts how urban greening miti-
gates heat waves. The manuscript addresses the fol-
lowing questions: 1) How can heat mitigation by tree 
cover be assessed for European cities at city scale? 2) 
How much does tree cover contribute to heat mitiga-
tion in a Mediterranean city characterized by 
a pronounced summer drought? 3) How reliable are 
the model estimates? 4) How much could an increase 
or decrease in tree cover affect heat mitigation? and 5) 
How can these results support urban planning? This 
study chose to a proof of concept the city of Naples, 
a metropolitan city in southern Italy characterized by 
a pronounced Mediterranean climate, which limits 
water available for evapotranspiration, high rate of 
urbanization and population density coupled with 
a low percentage of tree cover and limited in some 
areas. The study focused on the whole warm season of 
2020 (April–October) and the hottest day of the year 
(August 9), and examined how changes in land cover 
affect the urban heat. The proposed methodology uses 
satellite-derived land cover data that is shared across 
Europe to establish the base-case cover. This approach 
can be used by any European city to evaluate nature- 
based heat wave mitigation strategies and inform cli-
mate adaptation and mitigation plans.

Materials and methods

Study site

The municipality of Naples is located on the Gulf of 
Naples on the western coast of southern Italy 
(Figure 1a), covering an area of 117 km2 and contain-
ing a densely populated core with over 900,000 resi-
dents (ISTAT, 2021a), surrounded by a metropolitan 
population of 3 million. Naples is one of the larger and 
more densely populated urban areas in the 
Mediterranean region, which has a signature climate 
with winter precipitation and extended summer 
droughts. Between 2010 and 2020 Naples had an aver-
age annual temperature of 17.3 °C and annual total 
precipitation of 753.1 mm (ISTAT, 2021b).

I-Tree Cool Air model and inputs of land cover 
class

The i-Tree Cool Air model (https://www.itreetools.org/ 
tools/research-suite/hydro-plus) simulates the effect of 
vegetation on the vertical water and energy balance 
across space to predict hourly air temperature and 
humidity for use in sustainable urban planning, such 
as abating the UHI effect (Y. Yang et al., 2013). For 
more details on the energy and water balance equations 
see Y. Yang et al. (2013). The i-Tree Cool Air model was 
designed to use few and readily available inputs, which 
include: a) a time series record of meteorological mea-
surements from a single reference weather station; b) 
raster maps in ASCII format of terrain elevation (m), 
tree canopy cover (%), impervious surface cover (%), 
and land cover class; and c) parameter values for terms 
in the water and energy equations within an XML file 
(Sinha et al., 2021; Y. Yang et al., 2013). The model uses 
physically based analytical equations that balance short 
and longwave radiation with land surface latent and 
sensible heat emissions, modulated by surface and 
atmospheric resistances (Y. Yang et al., 2013). In this 
application, the i-Tree Cool Air model was operated 
using the default water and energy parameters (Y. Yang 
et al., 2013).

The model output provides raster maps or time 
series of estimated temperature and humidity, from 
hourly or coarser resolutions, and temperatures from 
groups of map pixels can be averaged using a raster 
map input of block groups. The model was designed to 
obtain land cover class from the National Land Cover 
Database (NLCD) layers, which are derived from 
National Aeronautics Space Agency (NASA) Landsat 
satellite imagery at a spatial resolution at 30 m using 
Anderson level-2 classification, and are provided by 
the Multi-Resolution Land Cover Consortium 
(MRLC) (https://www.mrlc.gov/viewer/). These 
NLCD Anderson level-2 land cover classes are orga-
nized so values in the 10s designate water, values in the 
20s designate developed, values in the 30s are barren, 
values in the 40s are forest, etc., through values in the 
90s which are wetlands (Figure 1f). These MRLC 
derived land cover class inputs are available for the 
United States of America, but not for other parts of the 
world, and methods follow for using a widely available 
European land cover dataset within i-Tree Cool Air.

European land cover and elevation data as inputs 
to i-Tree Cool Air model

The European Copernicus Land Monitoring Service 
(CLMS) (https://land.copernicus.eu/) data products 
were processed in this research to comply with 
i-Tree Cool Air model input requirements. These pub-
licly available CLMS data are based on the European 
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Space Agency’s (ESA) Sentinel-1 and Sentinel-2 satel-
lites imagery and provide land cover, land use and 
changes, vegetation state, water cycle and earth surface 
energy variables across the Europe Union. They 
include the Urban Atlas (UA) at 10 m spatial resolu-
tion and part of the High-Resolution Layers (HRL) 
using Very-High-Resolution (VHR) satellite imagery. 
In addition to raster data, the UA offers VHR vector- 
based land cover and land use maps of European 
major cities, defined as more than 50,000 inhabitants, 
and their surroundings areas. The delineation of these 
areas is done in accordance with the Functional Urban 
Areas classification (FUA), with a minimum mapping 
unit of 0.25 ha in urban areas and 1 ha in rural ones. 
These HR and VHR images were classified into land 
cover through a combination of automatic and 

interactive rule-based classification for several refer-
ence years. In this study, the following CLMS data 
from the 2018 reference year were resampled at 30 m 
resolution, according to US equivalent standards: 1) 
Tree cover density (TCD), a raster dataset, providing 
information about the level of TCD in a range from 
0% to 100% (Figure 1c); 2) Imperviousness Density 
(IMD), a raster dataset, representing the percentage of 
land covered by artificial soil sealing, also ranging 0% 
to 100% (Figure 1d); and 3) UA land use and land 
cover map, a vector dataset, providing the baseline of 
land use and land cover based on FUA (Figure 1e).

The European CLMS UA land use/land cover clas-
sification (Figure 1e), derived from CORINE land 
cover, is composed of 27 classes pertaining to five 
thematic groups: the Artificial Surfaces, or class 1, 

Figure 1. Geographical overview of the study area with weather stations (a) and input spatial data for the model simulation: DEM 
(b), tree cover density (c), imperviousness density (d), UA land cover from Copernicus (e) and US NLCD (d) (the figure is available 
full-page in the Supplementary 7).
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divided into four hierarchical levels of classification; 
the Agricultural Areas, or class 2, divided into two 
hierarchical levels, as well as the Natural and (semi-) 
natural Areas (class 3), the Wetlands Areas (class 4) 
and Water Areas (class 5). This contrasts with the 
default i-Tree Cool Air model Anderson level-2 land 
cover inputs consisting of nine land cover categories 
(urban or built-up; agricultural; range; forest; water; 
wetland; barren; tundra; and perennial snow and ice), 
and 37 subcategories, representing two hierarchical 
levels of classification. The CLMS UA map of land 
use/land cover was reclassified to fit the NLCD 
Anderson level-2 classes, following a multi-to-one 
maximum likelihood criterion: we assigned one or 
more CLMS UA classes to each NLCD class, according 
to the class taxonomy, using a translation between 
products reported in Table 1 and performed the 
reclassification with QGIS vector toolbox.

The raster elevation data for the i-Tree Cool Air 
model can come from essentially any Digital Elevation 
Model (DEM) product, including the Shuttle Ranging 
Topography Mission (SRTM) data which provides 
global coverage at 90 m resolution; the data simply 
need to be resampled to match the spatial resolution of 
the land cover data. In this application, a local Italian 
DEM dataset product of 20 m resolution (http://www. 
pcn.minambiente.it/mattm/en/view-service-wms/) 
was used and resampled to 30 m resolution for spatial 
congruence with land cover data (Figure 1b). The 
i-Tree Cool Air model processes these DEM data 
into aspect and slope for each map pixel, which then 
modifies incoming radiation, and can adjust for adia-
batic changes in air temperature with elevation.

Reference weather station to estimate local air 
temperature and humidity

The i-Tree tools provide software utilities to process 
international airport weather station data, enabling glo-
bal coverage. In this application, the Naples 
International Airport (WBAN 34113) provided the 
reference weather station, with its meteorological data 
obtained from the National Center for Environmental 
Information (NCEI – https://www.ncei.noaa.gov/ 
maps/hourly/). These data were processed from their 
raw ISHAP format into i-Tree Cool Air inputs using the 
i-Tree Eco weather tool (Endreny & Hirabayashi, 2016), 
or alternatively the i-Tree WeatherPrep utility (https:// 
www.itreetools.org/tools/research-suite/hydro-plus). 
These meteorological data represent weather for 
a single i-Tree Cool Air map pixel within the study 
domain, assigned a unique elevation, slope, aspect, 
tree cover, impervious cover, and land cover. As 
explained by Y. Yang et al. (2013), these reference 
station air temperature and humidity data are used in 
a coupled water and energy balance equations to find 
the air temperature and humidity at each time step for 
the overlying mesoscale upper boundary layer, i.e. at 
~200 m above the ground using atmospheric resis-
tances. Once the air temperature and humidity are 
known for the mesoscale boundary layer, the same 
coupled equations are then numerically solved to find 
the latent and sensible heat from the ground and over-
lying local air temperature and humidity conditions of 
all the other map cells in the canopy layer, i.e. 2 m above 
the ground. To interrogate the predictions made by the 
i-Tree Cool Air model, independent meteorological 
records were taken at five weather stations, referred to 

Table 1. Codes and nomenclatures for land cover classes of the study area, according with Urban Atlas Land Use/Land Cover 
classification and US National Land Cover data classification. For each UA code is reported the reclassified code according to US 
NLCD classes.

Urban Atlas Land Use/Land Cover United States National Land Cover Data

Code Nomenclature Reclassified to NLCD Code Code Nomenclature

11100 Continuous Urban fabric (S.L. > 80%) 24 11 Open Water
11210 Discontinuous Dense Urban Fabric (S.L. 50% – 80%) 23 12 Perennial Ice/Snow
11220 Discontinuous Medium Density Urban Fabric (S.L. 30% – 50%) 22 21 Developed, Open Space
11230 Discontinuous Low Density Urban Fabric (S.L. 10% – 30%) 21 22 Developed, Low Intensity
11240 Discontinuous very low density urban fabric (S.L. < 10%) 21 23 Developed, Medium Intensity
11300 Isolated Structures 21 24 Developed, High Intensity
12100 Industrial, commercial, public, military and private units 23 31 Barren Land (Rock/Sand/Clay)
12210 Fast transit roads and associated land 24 43 Mixed Forest
12220 Other roads and associated land 24 52 Shrub/Scrub
12230 Railways and associated land 24 71 Grassland/Herbaceous
12300 Port areas 24 82 Cultivated Crops
12400 Airports 21
13100 Mineral extraction and dump sites 31
13300 Construction sites 31
13400 Land without current use 31
14100 Green urban areas 43
14200 Sports and leisure facilities 21
21000 Arable land (annual crops) 82
22000 Permanent crops 82
23000 Pastures 71
31000 Forests 43
32000 Herbaceous vegetation associations 52
33000 Open spaces with little or no vegetations 31
50000 Water 11
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as NA01, NA02, NA07, NA08, NA09 (see, Table 2). 
These stations are from the monitoring network of the 
regional Environmental Agency ARPA Campania 
(https://www.arpacampania.it/) and located within the 
city of Naples (Figure 1a). Precipitation data from 
NA01 (Supplementary 1) were integrated in the 
Naples International Airport to execute the model. 
Several heat waves occurred during the considered per-
iod (April–October 2020) according to the threshold 
risk for population health of the Italian heat prevention 
plan (www.salute.gov.it/caldo) of daily maximum 
apparent temperature (Tappmax) above 31°C 
(de’Donato et al., 2018) and showed in the figure 
(Supplementary 2). In this study, we did not focus on 
single heat waves but we considered the whole warm 
season.

Simulating the urban heat island and abatement 
with tree cover scenarios

The above inputs were combined (see 
Supplementary 3), and the Naples, Italy urban area 
was simulated with the i-Tree Cool Air model for the 
warm season between April and October 2020. The 
base case model simulation represented actual tree 
cover, and alternative scenarios were simulated to 
represent how land cover change affects hourly and 
daily baseline temperature and humidity, with special 
attention to the hottest day of the year. The two 
alternative scenarios are the illustrative 10% increases 
and decreases in tree, to cross-compare with scenar-
ios examined by Sinha et al. (2021), and not repre-
sentative of planned changes for the area. We 
considered for each pixel, regardless of land use 
class, an increase of tree cover by 10% up to max 
100% and a decreasing of tree cover by 10% until 
min 0%. Following (Sinha et al., 2021), we considered 
three edge cases for tree cover (TC) and impervious-
ness (IMP) (0% TC – 0% IMP, 100% TC – 0% IMP, 
and 0% TC – 100% IMP) and interpolated hourly 
results of air temperature (Tair) and dew point tem-
perature (Tdew) for intermediate TC and IMP values 
based on the range of each pixel (Tair and Tdew 
monthly average results of three edge cases are 
shown in the Supplementary 4–5).

Results and discussion

1) How can heat mitigation by tree cover be 
assessed for European cities at their full spatial 
extent?

Variations in temperatures within cities are primarily 
driven by differences in land cover variables as 
demonstrated in (Sinha et al., 2021, 2022), and the 
tree cover and impervious cover were identified as 
the primary land cover drivers of air temperature 
differences within cities (Shandas et al., 2019; Ziter 
et al., 2019). On this basis, the impact of the actual 
tree cover in Naples, proof of concept European city, 
was assessed coupling the i-Tree Cool Air model with 
CLMS UA remotely sensed land cover data accessible 
for major European cities. With these land cover we 
begin to address the question, 1) How can heat mitiga-
tion by tree cover be assessed for European cities at 
their full spatial extent? To answer question 1) first 
requires interpreting spatial patterns of CLMS UA 
data on tree canopy cover (Figure 1c) and impervious 
cover (Figure 1d). For Naples, these patterns match 
global patterns of urban tree cover concentrated in 
hills, parks, urban edges, and distant from industrial 
and transportation hubs or corridors (Endreny, Sica 
et al., 2020). The greatest tree canopy cover in Naples 
was concentrated at higher elevation in the northwest 
(see, Figure 1b), and within parks such as the 
Phlegraean Fields volcanic area (see green oval shape 
in the northwest of Figure 1c), while the impervious 
cover was dominant along the interior valleys, busi-
ness corridors, and coastal ports. It is in these high 
impervious cover areas that heat wave air tempera-
tures are likely to be greatest.

The next step in addressing question 1) was asses-
sing land cover classes, and using those with the tree 
and impervious cover to predict air temperatures. This 
step was achieved by coupling required development 
of a translation between the CLMS UA land cover 
classes into NLCD classes required by i-Tree Cool 
Air, as documented in Table 1. There is no one-to- 
one correspondence between the land cover classes of 
these two remotely sensed products given CLMS UA 
uses a greater hierarchical classification than NLCD. 
For example, to describe developed, i.e. artificial, areas, 

Table 2. Monitoring weather stations in the city of Naples and related information on the position (location, latitude, longitude, 
elevation), type (SB: suburban background; UT: urban traffic; ST: suburban traffic), tree cover (TC), impervious cover (IMP), 
minimum average daily temperature (Tmin), mean average daily temperature (Tmean), and maximum average daily temperature 
(Tmax).

ID Location Latitude Longitude a.s.l (m) Type % TC % IMP Tmin (°C) Tmean (°C) Tmax (°C)

Airport Capodichino 40°53ʹ3.72”N 14°17ʹ0.98”E 83 SB 0 100 17.1 ± 5 21.5 ± 4.9 25.9 ± 5.1
NA01 Osservatorio Astronomico 40°51ʹ49.34”N 14°15ʹ16.21”E 125 SB 0 0 18.8 ± 4.1 21.9 ± 4.2 25.5 ± 4.7
NA02 Ospedale Santobono 40°50ʹ57.74”N 14°13ʹ52.03”E 171 UT 0 100 19.9 ± 4.7 23.5 ± 4.9 28.4 ± 5.5
NA07 Ferrovia 40°51ʹ15.02”N 14°16ʹ18.17”E 13 UT 0 100 19.8 ± 4.7 23.1 ± 4.8 27.1 ± 5.1
NA08 Ospedale Pellegrini 40°52ʹ20.40”N 14°16ʹ31.73”E 87 ST 0 44 19 ± 4.7 22.7 ± 4.8 26.6 ± 5.1
NA09 Via Argine 40°51ʹ49.90”N 14°20ʹ28.94”E 36 ST 0 73 18.5 ± 4.9 22.6 ± 4.9 26.9 ± 5.1
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the CLMS UA uses 12 classes while the NLCD uses 4 
classes (e.g. 21 to 24). Following a multi-to-one max-
imum likelihood criterion, translation resulted in 
24 UA classes (see, Figure 1e) reducing into 10 
NLCD classes (see, Figure 1f), increasing cover class 
homogeneity across the urban area. Across Naples, the 
statistical distribution of NLCD classes was repre-
sented by 70% in developed land, 28% in various 
vegetation-covered classes (e.g. 43, 52, 71 and 82), 
and barren land had 2% cover (Figure 2 – 
Supplementary 6). The distribution of cover classes 
from CLMS UA follows a similar trend of most devel-
oped, followed by vegetated and barren (see, Figure 2). 
Furthermore, only about 8% of the urban area of 
Naples belong to a land cover class with a tree canopy 
cover (see, Figure 2) and with a degree of tree cover 
density ranging from 50% to 80%. About 22% of the 
urban surface has a tree cover density between 20% 
and 50%, while most of the urban area (about 70%) 
shows values of tree cover density less than 20%. These 
first results are indicative of the high rate of urbaniza-
tion and the low degree of tree coverage, moreover 

limited to a few areas, of the city of Naples. The land 
cover, climatic characteristics and demographics of 
Naples differ greatly from those of the US cities con-
sidered in the studies from Sinha et al. (2022, 2022).

2) How much does tree cover contribute to heat 
mitigation in a Mediterranean city characterized 
by a pronounced summer drought?

To address question 2, the impact of tree cover on air 
temperature in Naples was assessed throughout the 
warm season, from April to October 2020 (Figure 3, 
left side), and on August 9, the hottest day of the year 
(Figure 3, right side). Air temperature predictions by 
i-Tree Cool Air for the period from April to 
October 2020 were organized into daily average mini-
mum ranging from 16.1°C to 18.7°C (see, Figure 3a), 
daily average ranging from 19.4°C to 22.6°C (see, 
Figure 3b) and daily average maximum ranging from 
22.7°C to 26.6°C (Figure 3c). These seasonal averages 
are contrasted with the predictions from 
9 August 2020, with its minimum air temperature 

Figure 2. Percentage coverage of land use classes in the city of Naples with Copernicus (top) and US NLCD (bottom) classification.
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spatially ranging from 20.5°C to 23.9°C (Figure 3d), 
average air temperature varying spatially from 25.3°C 
to 29.8°C (Figure 3e), and maximum air temperature 
spatially ranging from 30.5°C to 35.5°C (Figure 3f). 
The spatial pattern of these temperature ranges 
matches the tree cover and impervious cover spatial 
patterns described above, with the cooler areas con-
gruent with the forested highlands and parks 
(Figure 1c), and the hotter areas overlapping the 
high impervious cover along the coast, its adjacent 
interior lands, and mixed business and residential 
districts radiating out to the northeast (Figure 1d). 
Heat mitigation by tree cover is important during the 
entire warm season as well as during acute events, and 
for minimum as well as maximum air temperatures, 

where high minimum temperatures can threaten night 
time cooling need for human health, as described by 
Sinha et al. (2021, 2022).

Tree cover through its evapotranspiration limited 
the warm season average air temperature to 19.4°C, 
cooler than the 22.6°C experienced on average in 
impervious areas (Figure 3b). Tree cover cooling 
effects were greater on seasonal maximum tempera-
tures, keeping them to 22.7°C vs the 26.6°C experi-
enced by the mostly impervious cover areas 
(Figure 3c). The cooling effect of tree cover was even 
evident in the pattern of minimum temperatures, 
which cooled to 16.1°C in forested areas, and rose to 
18.7°C in highly impervious areas (Figure 3a). Night 
time minimum air temperatures in open canopy 

Figure 3. Left panels (a, b, c): maximum, average, and minimum daily temperature modelled with i-Tree Cool Air from April to 
October 2020. Right panels (d, e, f): maximum, average, and minimum hourly temperature modelled on the hottest day of the year 
(9 August 2020). The left and right panel of the figure show a different scale for each subplot.
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vegetated areas may drop even lower, with less resis-
tance to airflow and promoting convective and radia-
tive cooling (Bowler et al., 2010b). The spatial pattern 
and magnitude of cooler air temperature over tree 
canopy and hotter temperatures over impervious 
results similar to the observations from Wurzburg, 
Germany, with an average temperature gradient in 
summer of 1.3°C, up to 8°C of difference during 
extremely hot days, between the inner city sites with 
high impervious cover and the suburban areas with 
more green spaces (Rahman et al., 2022). Sinha et al. 
(2021) found also in Baltimore a baseline air tempera-
ture range of 2°C, averaged over April to October. Our 
wider 3.2°C range could be due to the particularly 
dense urban fabric in downtown Naples.

Of course, in assessing the effect of urban vegeta-
tion on cooling remote sensing surveys of the land 
surface temperature may be available and provide 
supporting evidence on green space reducing heat 
island effects (Maimaitiyiming et al., 2014). In studies 
of European regions, remote sensing showed relative 
cooling by tree cover areas up to 4°C in the southern 
regions, and up to 12°C cooler in central regions 
(Schwaab et al., 2021). The land surface temperature 
is greatly influenced by the shading effect of buildings 
and trees as reported in several studies (Lemus- 
Canovas et al., 2020; T. Li & Meng, 2018; C. Yang 
et al., 2020). The i-Tree Cool Air model simulates the 
air temperature and humidity assuming a flat surface 
representation of land cover rather than the 3D geo-
metry of buildings and trees. The heat trapping effect 
on absorption of solar radiation is represented by their 
effective albedos (Y. Yang et al., 2013). This simplifica-
tion reduces the amount and complexity of parameters 
to be evaluated and measured, resulting in greater 
computational efficiency and the possibility of apply-
ing the model in any region with 2D land cover maps. 
The comparison with remotely sensed about land sur-
face temperature or vegetation-related optical indices 
would definitely be of interest for future research to 
partially evaluate the model results.

3) How reliable are the i-Tree Cool Air model 
estimates?

Model simulations are based on a defined parametri-
zation per each land use class (Supplementary 3), but 
is unable to represent the specific boundary conditions 
of a single street canyon. These assumptions reduce 
the detailedness of the model, but allows a city-scale 
representation of air temperature and humidity con-
sidering the effect of different tree cover, impervious 
cover, and land use on urban heat. The reliability of 
the i-Tree Cool Air model predictions was evaluated 
by comparing model results with observed records 
from weather stations (Figures 4–6) located in differ-
ent areas of the city of Naples (Figure 1a). The 

meteorological data recorded at the reference weather 
station of Naples International Airport, from April to 
October 2020, show values of air temperature ranging 
from a minimum of 7.9°C on April 1 to a maximum of 
28.9°C on August 9, with a daily average of 21.5°C 
(Figure 4a). The dew point temperature varies from 
a minimum of 3.7°C on April 1 to a maximum value of 
22°C on July 31 and with a daily average of 13.6°C 
(Figure 4a). Precipitation data, derived from NA01 
weather station, indicate April as the rainiest month 
of 2020, while precipitations drastically decrease from 
May until August, with a summer drought particularly 
evident in July (Supplementary 1). According to cli-
mate models a longer duration of drought in the 
Mediterranean is predicted (Beniston et al., 2007) 
with higher maximum temperatures and changes in 
the precipitation regime (Sánchez et al., 2004), leading 
to climate-related extremes which can impact our 
study area (Bucchignani et al., 2021).

In addressing question 3, first we compared the 
trend of the daily average air temperature (Tair) and 
dew point temperature (Tdew) measured at the 5 local 
weather stations, over the period April – 
October 2020, with the respective ones of the model 
estimates (Figures 4b-f). The weather stations Airport 
(Figure 4a) and NA01 (Figure 4b) showed a lower 
average, respectively 21.5°C and 21.9°C, than the 
higher NA02 (23.5°C; Figure 4c) and NA07 
(Figure 4d; 23.1°C), and intermediate NA08 (22.7°C; 
Figure 4d) and NA09 (22.6°C; Figure 4e). Overall, 
recorded Tair values are in good agreement with the 
modelled ones for all weather stations, while some 
differences exist between measured Tdew values and 
modelled ones.

The second step in evaluating model performance 
involved comparing through regression plots the pre-
dicted air temperature (Figure 5) and dew point tem-
perature (Figure 6) with measurements recorded in 
the five weather stations, using hourly data. Strong 
correlations are observed for both air temperature 
(r ≥ 0.94) and dew point temperature (r ≥ 0.89), for 
all the weather stations, supporting the accuracy of the 
model in simulating the different land use, tree, and 
imperviousness conditions. These results confirm pre-
vious findings by Y. Yang et al. (2013) of a good 
correlation between the Tair and Tdew modelled by 
the i-Tree Cool Air (originally PASATH model) and 
weather station measurements in the city of Syracuse, 
NY. Some differences between model estimates and 
weather stations records may be due to the model not 
considering anthropogenic heat, which includes fuel 
combustion, impact of buildings and industries, and 
human metabolism, which can contribute upwards of 
60 Wm−2 and a temperature increase of 1°C in sum-
mer (Sailor, 2011). The distance from highly urba-
nized areas, and thus possible anthropogenic heat 
sources, affects the air temperature. This distance 
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effect is seen with the lower temperature records from 
stations Airport and NA01 (classified as “Suburban 
background (SB)”; Table 2), which sit further from 
developed areas. The effect of water limitations on 
air temperature was observed with data from station 
NA01, which is surrounded by vegetation; its record 
matched the simulated data during the driest period of 
simulation (Figure 4b). The stations NA02 and NA07, 
classified as “Urban traffic (UT)”, are located in a high 
impervious area of the city (100% IMP; Table 2) and 
measured a higher average temperature. Intermediate 
values were recorded from NA08 and NA09, which are 
classified as “Suburban traffic (ST)” and show medium 
impervious condition (Table 2).

The percentage of tree cover or imperviousness, as 
well as land use, influences the urban microclimate by 
altering air temperature and humidity. The land cover 
effect on the UHI can be assessed with the i-Tree Cool 
Air model for virtually any scenario considered by the 

city. To demonstrate this point, this research examined 
air and dew point temperatures across the full range of 
potential cover, with one edge at 0% tree cover and 0% 
impervious cover, another edge at 100% tree cover and 
0% impervious cover, and another edge at 0% tree cover 
and 100% impervious cover (for additional information 
see Supplementary 4–5). Modelled air temperature 
records were obtained for each edge case, and compar-
isons confirm that the i-Tree Cool Air model enables 
accurate estimates of each scenario. The magnitude of 
tree cover cooling varies across time, decreasing in the 
drier months when constrained by soil moisture deficits.

4) How much could an increase or decrease in tree 
cover affect heat mitigation?

The heat mitigation effect of a limited change in tree 
cover was assessed in model simulation scenarios for 

Figure 4. Modelled (blue line) vs measured (Orange line) average daily air temperature (Tair) from April to October 2020. Modelled 
(green line) vs measured (red line) average dew point temperature (Tdew) from April to October 2020 (weather stations – a: 
Airport; b: NA01; c: NA02; d: NA07; e: NA08; f: NA09). “Airport” is the reference weather station for the model.
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the April to October period (Figure 7) and during the 
August 9 heat wave (Figure 8). These scenarios limited 
tree cover change to a 10% increase (Figure 7–8, left 
side) and 10% decrease (Figure 7–8, right side) to 
demonstrate impacts on minimum air temperature 
(Figure 7–8, a-d), average air temperatures (Figure 
7–8, b-e), and maximum air temperatures (Figure 7– 
8, c-f). We considered only a small variation because 
even virtuous cities like Bristol, European Green 
Capital Award in 2015 and with ambitious carbon 
neutrality targets by 2030, that planned to double the 
number of trees, will increase the canopy cover from 
18.6% in 2018 to 37.2% by 2045 (Walters & Sinnett, 
2021). We also evaluated a decreasing scenario based 
on the global negative trend in urban tree cover with 
an increase in impervious cover (Nowak & Greenfield, 
2020). Increasing the tree cover by 10% resulted in an 
overall reduction of up to 0.2°C for maximum air 
temperatures (Figure 7c). The effect of increased tree 
cover on average air temperatures (Figure 7b) and 

maximum air temperature (Figure 7c) was widespread 
throughout the city because tree cover area is limited 
compared to imperviousness (Supplementary 6). The 
order of magnitude of air temperature reduction is 
comparable with results by Sinha et al. (2021). On 
the other hand, a decrease of tree cover by 10% gen-
erated an increase up to 0.2°C in maximum air tem-
perature, mainly in areas with more tree cover, as the 
other highly urbanized areas already lack it and show 
no change (Figure 7e-f). No changes were shown for 
the minimum temperature with these limited changes 
in tree cover (Figure 7a, d).

The impact on air temperatures of changes in tree 
cover was also examined for the hottest day of the 
season, 9 August 2020. Minimum air temperature fell 
slightly with a 10% increase in tree cover (Figure 8a), 
and a rose slightly with a 10% decrease in tree cover 
(Figure 8d). The spatial distribution of changes in air 
temperatures was similar between the descriptive sta-
tistics of average (Figure 8b) and maximum 

Figure 5. Comparison of hourly air temperature measured by local weather stations (a: Airport; b: NA01; c: NA02; d :NA07; e: NA08; 
f: NA09) and modelled with the i-Tree Cool Air from April to October 2020. “Airport” is the reference weather station for the model.
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(Figure 8c). Clearly, urbanized areas benefit from an 
increase in tree cover given this leads to lower extreme 
temperatures during heat waves. The 10% loss of tree 
cover lead increased the air temperature statistics of 
minimum (Figure 8d), average (Figure 8e) and max-
imum (Figure 8f), with increasing variability for max-
imum temperature changes.

From a temporal perspective, the cooling impact of 
increased tree cover is greatest in the spring months 
when the water balance is positive due to rainfall 
(Supplementary 1), then decreases abruptly in the 
summer months due to the severe drought, and rises 
again in October (an opposite effect in the case of 
−10% tree coverage; Figure 9). These results highlight 
the importance of the cooling effect related to tree 
evapotranspiration in urban heat mitigation, which 
contributes significantly to latent heat flux and thus 
to air temperature reduction (Liu et al., 2017; Smith 
et al., 2021). Conversely, Sinha et al. (2021) show 

a maximum temperature reduction in July from 
urban tree canopy in Baltimore, showing how 
a different precipitation regime affects the cooling 
effect of trees. On the other, soil drought negatively 
impacts the water balance of the vegetation reducing 
evapotranspiration (Teskey et al., 2015) and thus lim-
iting the cooling effect on temperature mitigation 
(Pace et al., 2021).

5) How can these results support urban planning?

To understand how much and where tree cover can 
support heat mitigation in the city, we evaluated the 
effect on temperature change for the two scenarios, 
10% gain and loss of tree cover (Figure 10). The 
scenarios, in light of the reforestation policies of 
many cities, aimed to highlight how the impact of 
tree cover can reduce urban heat especially in the 

Figure 6. Comparison of hourly dew point temperature measured by local weather stations (a: Airport; b: NA01; c: NA02; d: NA07; 
e: NA08; f: NA09) and modelled with the i-Tree Cool Air from April to October 2020. “Airport” is the reference weather station for 
the model.
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most urbanized areas, which often lack tree cover, and 
at the same time the importance of preserving existing 
urban forests. The largest impact on air temperature of 
increasing tree cover occurred in urbanized areas 
(NLCD classes 21 to 24) and areas without vegetation 
(NLCD class 31), while the greatest impact of reducing 
tree cover occurred in vegetated areas (NLCD classes 
43, 52, 71, 81) and particularly forest (NLCD class 43; 
Figure 10). This suggests that if the goal is to cool the 
city, tree planting and other vegetative greening 
should likely focus on the densely urbanized areas of 
the city, while preserving all existing urban forests that 
play an important role in temperature mitigation. The 
selection of tree species with high cooling potential 
(Rahman et al., 2020) and capable of withstanding 

heat waves and extreme drought will be essential to 
ensure plant growth and other ecosystem services such 
as temperature mitigation (Rötzer et al., 2021). 
Solutions that use rainwater runoff such as passive 
irrigation systems can increase growth and transpira-
tion by limiting drought stress (Thom et al., 2022). 
Renewable electricity for urban dwellers, e.g. to charge 
a portable device while in the park, can also be pow-
ered by this mix of stormwater and plant roots using 
a new technology called microbial fuel cells that are 
situated in the soil (Endreny, Avignone-Rossa et al., 
2020). Trees effectively contribute to temperature 
mitigation through both shade and evapotranspira-
tion, however in heavily urbanized cities such as 
Naples, the lack of space to plant new trees is 

Figure 7. From top to bottom: minimum, average, and maximum daily temperature reduction averaged from April to 
October 2020, increasing (left) and decreasing (right) tree cover by 10%.
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a major obstacle that could be partially offset by the 
use of green infrastructure such as green roofs (Rowe 
& Getter, 2006) or green walls (Susca et al., 2022).

Conclusions

In this study we developed a suitable methodology for 
European cities to simulate heat wave vulnerability 
and nature-based solutions using freely available 
Copernicus data within the i-Tree Cool Air model. 
Specifically, the research established a method for 
converting Copernicus Urban Atlas estimates of land 
cover class into the Anderson level 2 format used by 
the i-Tree Cool Air model, and extracted tree canopy 
and impervious cover values. This methodology was 

demonstrated for the city of Naples, Italy, character-
ized by a pronounced Mediterranean climate with hot 
and dry summers, creating a proof of concept. The 
approach yielded a strong correlation between pre-
dicted and observed air and dew point temperature 
using local weather stations across the city, demon-
strating the reliability of the model.

Air temperature maps generated with model output 
for a 2020 heat wave graphically captured a 5°C dif-
ference in air temperature between urban forested 
areas and urbanized impervious areas, highlighting 
the significant heat abatement function of trees for 
city and regional planners. The cooling offered by 
trees during heat waves was constrained by low soil 
water content, caused by lack of precipitation, suggest-
ing irrigation of trees may be strategic to maximize 

Figure 8. From top to bottom: minimum, average, and maximum hourly temperature reduction on the hottest day of the year 
(9 August 2020), increasing (left) and decreasing (right) tree cover by 10%.
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cooling benefits. The model simulated potential tree 
cover scenarios, showing a 10% increase in tree cover 
can reduce air temperature by 0.2°C, noting additional 
cooling is obtained by removing impervious cover. 
Conversely, a tree cover loss of 10% can cause an 
increase in temperature especially in areas with higher 
tree density, highlighting the need to preserve these 
areas to maintain the urban microclimate. City and 
regional planners can use remotely sensed land cover 
data within this mechanistic i-Tree Cool Air model to 

strategically design tree planting and increase commu-
nity resilience to the impact of climate change and the 
exacerbation of heat waves.
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