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Impact des arbres d’alignement sur le microclimat et le stress thermique humain en ville :

effet des vagues de chaleur et des sécheresses

Mots clés : Ombrage, Transpiration, Bilan hydrique, Bilan radiatif, Essences d’arbre

Résume : Les surchauffes urbaines,
additionnées aux vagues de chaleur dont la
fréquence et l'intensité augmentent en raison du
changement climatique, exposent les citadins a
un stress thermique croissant. Les arbres
d’alignement peuvent permettre d’atténuer ces
surchauffes grace a 'ombrage et la transpiration,
deux phénoménes qui peuvent dépendre de
leurs caractéristiques morphologiques et
physiologiques. En paralléle, les périodes de
sécheresse se multiplient et la capacité des
arbres d’alignement a croitre tout en maintenant
des services climatiques importants dans des
conditions chaudes et séches est en jeu. Pour
améliorer la compréhension des facteurs influant
sur les bénéfices climatiques des arbres, une
démarche de recherche basée sur la mesure des
interactions le long du continuum sol-arbre-
atmosphére dans deux dispositifs expérimentaux
complémentaires est proposée.

D’un c6té, une rue canyon a échelle 1/5°m
partiellement végétalisée avec des jeunes
pommiers dornement (Malus Coccinella®
‘Courtarou’) en pot et irrigués située a Angers
(France) a été instrumentée pour quantifier les
effets sur le microclimat d’arbres soumis a
différentes disponibilités en eau. De l'autre, une
campagne de mesures in-situ du microclimat
dans et autour de la couronne de 36 arbres
d’alignement adultes de 9 essences différentes
répartis sur 5 sites dans Paris (France) a été
menée. L’analyse croisée de ces deux
dispositifs fournit une vue d’ensemble des
sources de variabilité des bénéfices climatiques
et propose aux aménageurs une meilleure
compréhension des liens entre la résistance a
la sécheresse des arbres d’alignement et leur
pouvoir de réduction du stress thermique
humain.

Impact of street trees on urban microclimate and human thermal stress:

effect of heatwaves and droughts

Keywords: Radiation interception, Tree transpiration, Water balance, Water restriction, Tree species

Abstract: Cities are characterized by an urban
overheating which, combined to more frequent
and intense heatwaves caused by climate
change, expose the city dwellers to an increasing
human thermal stress. Street trees may partially
mitigate overheating by means of cast shadows
and transpiration, two processes which may
depend on their morphological and physiological
characteristics. At the same time, periods of
severe water shortage are multiplying and the
ability of street trees to thrive and maintain
significant cooling benefits under heat and
drought conditions is crucial. In order to improve
the understanding of the factors influencing tree
climatic benefits, a methodology based on the
monitoring of the interactions along the soil-tree-
atmosphere continuum in two complementary
experimental facilities was developed.

On the one hand, a 1/5 scale canyon street,
partially planted with young potted drip-irrigated
ornamental apple trees (Malus Coccinella®
‘Courtarou’) located in Angers, France was
monitored to quantify the effect of street trees
experiencing different water supplies on the
microclimate. On the other hand, an in-situ
monitoring of the microclimate inside and
outside the canopy for 36 mature street trees
from 9 different tree species located in 5 sites in
Paris, France, was performed. On the basis of a
detailed cross-analysis of these two
experimental facilities, an integrated
assessment of the street trees climatic benefits
was proposed to explore the sources of
variability of the climatic benefits provided by
trees and help stakeholders understand the
relationship between drought resistance and
human thermal stress mitigation for different
tree species.
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Glossary

Climatic benefits: There is no common definition of the climatic benefits provided by
street trees. The term “benefit” induces an enhancement of a given parameter which in the
present case is the human thermal stress. In the present study, the climatic benefits of street
trees will then be considered as the ability of trees to reduce human thermal stress approached
through the calculation of the Universal Thermal Climate Index (UTCI). They will be assessed
through the air temperature and UTCI differences between the area influenced by a tree and a
reference non-treed area. Both air temperature and UTCI differences will then be the main
resulting variables of the present study. However, air temperature and UTCI at a given location
result from various thermal transfers with the surrounding environment which is why different
other “observation variables” will also be assessed such as absolute humidity, mean radiant

temperature, short and long wavelength radiation, surface temperature, etc.

Metéo-France: Météo-France is the French meteorological institute which operates two
weather stations close to the two experimental facilities studied in the present PhD project. The
first one, called “Angers-Beaucouzeé” (station n°49020001) is located 400 m west from the
reduced scale canyon street of Angers. The second one called “Paris-Montsouris” (station
n°75114001) is located in the Montsouris park right at the south frontier of Paris and is located
from 2.8 to 8 km away from the studied trees depending on the considered site. Both stations
provide reference measurements of the daily accumulated rainfall (RR), daily minimum,
average and maximum air temperature (TN, TM, TX), daily accumulated reference
evapotranspiration (ETPMON), daily insolation duration (INST), daily integral of the
downward global radiation (GLOT) and daily average wind speed (FFM).

Tree morphology: Tree morphology generally corresponds to the physical structure
and the external form of the trees. In the present study, the analysis of tree morphology will
cover the characterization of the foliage (mainly the total leaf area and the leaf area density -
LAI-) and of the crown dimensions (volume, projected area, height, etc.).
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Tree physiology: Tree physiology studies the fundamental processes involved in the
tree development among which photosynthesis, respiration and transpiration. In the present
study, the analysis of tree physiology will focus on tree growth through the measurement of the
evolution of tree stem diameter as well as on tree transpiration through direct calculation or
through the evaluation of related variables such as stomatal conductance and leaf temperature.
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Chapter 1

Chapter

1. Introduction

1.1. Context and stakes

1.1.1. Ongoing climate change

Among the multiple effects of the ongoing climate change, the increase of the global
average air temperature near the surface of the globe is probably one of the most documented.
At the global scale it was reported to be on average 1.09 °C higher in 2011-2020 compared with
1850-1900 with larger increases over land than over the ocean (IPCC, 2023). The decade 2011-
2020 was also the hottest one since the beginning of the meteorological records in 1850 (Météo-
France, 2020). Although a strong annual variability of the average global air temperature close
to the earth’s surface does exist, the general increasing trend has been well described and it is
considered that global air temperature near the surface of the globe is currently increasing at a
rate of +0.2 °C.decade™ approximately. In Paris, France, the 7 hottest years since 1900 were
recorded between 2011 and 2020, 2020 being the hottest one ever recorded. The annual average
air temperature was 0.8 °C higher during the period 1976-2005 compared to the period 1901-
1930 (Agence Parisienne du Climat and Météo-France, 2022) and another 0.5 °C increase (from
12.4 °C to 12.9 °C) was reported when comparing the 30-year periods 1981-2010 and 1991-
2020 (Météo-France, 2021). According to multiple forecasts, this trend will very likely continue
in the future (IPCC, 2023). A larger overview of the possible effect of climate change on city
climate worldwide was proposed by Bastin et al. (2019) who assessed the evolution of the
climate of a large sample of cities around the world by 2050. Their work was meant to provide
visual understanding of the effect of climate change with the aim of raising awareness and
motivating action. They concluded that most of the cities from the northern hemisphere are very
likely to experience warmer conditions corresponding to a climate that is found nowadays on
average 1 000 km south which represents a shift of around 20 km.year™ southward.
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Climate change also comes with a multiplication and an intensification of extreme
climatic events such as heatwaves which has been observed in all regions of the world (IPCC,
2023) and was studied locally by different works. Kuglitsch et al. (2010) focused on the eastern
Mediterranean region and highlighted a significant increase of heatwave intensity, length and
number between 1960 and 2006. In France, a strong increase of both the frequency and the
intensity of heatwaves was reported by the French meteorological institute, Météo-France
(2022a). Indeed, 9 heatwaves were recorded during the 1947-1989 period and 37 during the
1989-2022 period. The average annual duration of heatwaves was 1.7 days.year™ before 1989
whereas it reached 7.95 days.year? since 2000 (Météo-France, 2022a). Unfortunately, the
frequency of heatwaves is expected to keep increasing during the next decades. In Paris, during
the 1971-2005 period, the probability for a heatwave to occur around mid-July was
approximately 13 % while it is expected to range between 32 % and 68 % at the end of the 21
century (2071-2100) (Agence Parisienne du Climat and Méteo-France, 2022).

The modification of the availability of water in the soil is another expected consequence
of climate change. Although the evolution of the quantity and the temporal and spatial
distribution of rainfall appears to be hard to predict, a reduction of the water availability in the
soils is expected (IPCC, 2023). Indeed, the increasing average air temperature comes with a
higher vapor pressure deficit which enhances water evaporation. Thereby, the soils dry faster
from the direct evaporation and the plants also have to transpire more, which means more
uptake of the water contained into the soils. In metropolitan France, the annual rainfall has
remained quite stable since 1960 when averaged over the entire metropolitan territory.
However, strong seasonal and geographical contrasts exist and tend to increase. When
comparing the 1981-2010 and the 1991-2020 periods, an average increase of the soil moisture
was reported in winter while an average decrease was noticed in spring, summer and autumn
for part of the territory (Météo-France, 2023). From 2017 to 2020, 30 % of the metropolitan
France territory was subjected to water use restriction every year (Météo-France, 2023). These
tendencies are also expected to continue in the near future. In the French region Pays de la
Loire, where one of the experimental facilities of the present work is located, the water flow of
the rivers could decrease by 30 to 60 % by 2050 and the volume of water contained in the
underground reservoirs by 30 % (CESER Pays de la Loire, 2016). Also, the models assessing
the evolution of rainfall in the western Europe region generally forecast an increase of the
rainfall in northern Europe and a decrease in southern Europe. The limit between both zones is
still very variable from one model to the next one but it could probably cross the France
metropolitan territory (Agence Parisienne du Climat and Météo-France, 2022).
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1.1.2. Urbanisation

The world’s population has been rising quickly and continuously across the 20" century
from 2.5 billion in 1950 to approximately 8 billion at the end of 2022 (United Nations
Department of Economic and Social Affairs, Population Division, 2022; Ritchie et al., 2023).
This increase was partly caused by the increasing life expectancy which rose by almost 9 years
from 1990 to 2019 to reach 72.8 years on average. Although the global population growth rate
fell under 1 %.year? in 2020 for the first time since 1950, the world’s population is still
projected to reach 8.5 billion by 2030, 9.7 billion by 2050 and 10.4 billion by 2100, partly
because life expectancy is expected to keep increasing until reaching 77.2 years by 2050
(United Nations Department of Economic and Social Affairs, Population Division, 2022).

At the same time the number of people living in cities has been increasing since the
beginning of the 20" century. While 30 % of the world’s population was living in cities in 1950,
this ratio increased to 55 % in 2018. Important contrasts exist between continents, 74 % of the
European continent’s population being urban versus 43 % in the African continent. Around half
of the city dwellers live in cities hosting less than 500,000 inhabitants and around 12.5 % live
in megacities hosting more than 10 million inhabitants. The number of urban dwellers is
expected to keep rising in all regions of the world to reach 68 % of the total population by 2050
with larger growth rates in Africa and Asia (United Nations Department of Economic and Social
Affairs, 2018).

To cope with the growth of their population, cities are expanding and the natural
environment surrounding them is progressively being replaced by a human-made environment
which comes with very different characteristics. Human activities generally spread wasted
energy in the form of heat, they cause the emission of various pollutants, among which
greenhouse gases, and they need space. Thus, the natural soils which store water and host
vegetation as well as a wide part of the globe’s fauna are progressively being replaced by
anthropogenic surfaces generally made of mineral and impervious materials. In France, the total
amount of human-made surfaces has increased on average by 1.5 % each year at the
metropolitan territory scale between 1981 and 2012, which is three times faster than the growth
rate of the French population over the same period (on average +0.5 %.year?). In 2018, it was
then estimated that 6.7 % of the French metropolitan territory was already covered with human-
made surfaces (Bouvard et al., 2018; Comité pour 1’économie verte, 2019). Such surfaces
induce a modification of the matter and energy balances and various resulting effects among
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which the modification of the water cycle at the local scale and the creation of a microclimate
proper to the urban environment mainly characterized by an overheating phenomenon.

1.1.3. Urban overheating

At the beginning of the 19" century, Howard (1833) compared the air temperature
measured in the urban area of London to the one measured in its surrounding countryside and
found out that London’s city center was warmer. During the following decades, similar
observations were reported in other European cities (Mestayer and Anquetin, 1995) such as
Paris where Emilien Renou reported an approximately 1 °C overheating compared to the
countryside (Landsberg, 1981). This phenomenon, called Urban Heat Island (UHI), began to
be widely studied mainly after the pioneering work of Oke (1978). Descriptions of the different
mechanisms causing the urban overheating were proposed and many works studied the
overheating in various cities. In France, air temperature differences between cities and their
surrounding countryside were found to reach 10 °C in Paris (Cantat, 2004) or 7 °C in Rennes
(Dubreuil et al., 2020) in conditions of clear sky and low-wind days. The UHI intensity was
also related to the city size by Oke (1973) who compared the climatic data of cities of different
sizes in Quebec, Canada. Akbari et al. (1992) showed that maximum urban temperatures
increased by approximately 2.5 °C between 1920 and 1997 by analyzing measurements carried
out in Los Angeles and other Californian cities. They also reported that the city centers were
generally cooler by around 0.5 °C than the surrounding countryside before 1940. Afterwards,
the temperature in these cities rose at a rate of around +0.4 °C.decade™ between 1940 and 1990.

1.1.4. Human thermal stress and health

The combination of the already existing urban overheating and the multiplication and
intensification of heatwaves is particularly worrying in cities as it exposes the human body to
an increasing thermal stress as highlighted in Poland by Kuchcik (2021). The author studied the
evolution of cold stress and heat stress in various cities of Poland over the 1975-2014 period
and showed that most of the cities experienced a clear statistically significant decrease in cold
stress days and an increase in thermal heat stress days.

Such thermal stress exposure may have various effects on human well-being. Numerous
studies reported that heat exposure could have a negative impact on work productivity (Zander
et al., 2015). Others assessed this effect from a larger point of view by studying the impact of
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heatwaves on economic indicators such as growth domestic product (Callahan and Mankin,
2022).

But more importantly, it is known that heat exposure is very likely to cause sanitary
issues (IPCC, 2023). Heat-related deaths have been reported since the beginning of the 20™
century in the USA. Since then, multiple works have highlighted the increasing mortality during
heatwaves as reported by Basu and Samet (2002) and Brooke Anderson and Bell (2011) who
reviewed the epidemiologic evidence of the relationship existing between heat exposure and
hospitalizations and death. Hajat et al. (2002), for instance, studied the daily data of air
temperature and mortality with all the causes of death referenced in the greater London (United
Kingdom) area during a 21-year period from 1976 to 1996. They tried to determine the
threshold of air temperature above which an excess death rate was highlighted and they reported
a linear positive relationship between excess deaths and air temperature when the daily average
air temperature exceeds 19 °C. They also underlined the more important influence of daily
minimum air temperature compared to daily maximum air temperature.

In Europe, the long and intense heatwave of summer 2003 caused an abnormally high
death rate in most countries. Approximately 35,000 dead were attributed to the heatwave in the
entire continent (Wright et al., 2005) and 15,000 in France. As already reported by previous
studies (Basu and Samet, 2002), the mortality risk appeared to be higher in cities where the UHI
intensifies the overheating especially at night (Laaidi, 2012; Kuchcik, 2021). Indeed, due to the
low night-time cooling of the streets’ surfaces, the outdoor air temperature remains high at
night. As a consequence, the night-time air temperature inside the buildings also remains high
because of the inertia of the building materials and the difficulty to efficiently ventilate the
dwellings which prevents the human organisms to rest correctly. Wright et al. (2005)
highlighted this phenomenon by measuring the indoor air temperature in 9 dwellings in England
during the August 2003 heatwave. In Paris, the study of a sample of 482 elderly (more than 65
years old) persons during the August 2003 heatwave reported that living in a warmer district
could double the mortality risk (Laaidi, 2012).

Although persons with pre-existing pathologies such as cardiovascular or respiratory
diseases are more exposed to heat-related injuries, the risk also appears to highly depend on
socio-economic factors. Various studies highlighted that the death risk was higher for elderly,
infants or low socio-economic status persons (Basu and Samet, 2002). However, heat may
sometimes not be identified or listed among the causes of death, which is the reason why the
real consequences of heat related injuries are likely to be underestimated (Basu and Samet,
2002).
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Given the clear sanitary issues caused by heat exposure, it rapidly became a high priority
concern for policymakers to launch observation programs and awareness campaigns during
summer to alert and prevent sanitary issues while looking for solutions to mitigate and also to
adapt to urban overheating.

1.1.5. Passive cooling strategies

Thereby, finding ways to cool down the existing cities and to build new cities which
guarantee human thermal comfort is at stake. However, it is very important to find solutions
which induce low energy consumption in order to cope with the national and international
objectives aiming at reducing the greenhouse gas emissions. Indeed, the French national
electricity network operator is already planning an increase of the electricity consumption
especially due to the growing use of air conditioning to limit human thermal stress increase in
summer and especially during heatwaves (RTE, 2021).

Different promising strategies to mitigate the urban climate exist. They rely on a wise
selection of surface materials, on the creation of shaded areas or on the use of water and
vegetation.

1.1.5.1. Materials

Urban surface materials are generally characterized by a low albedo and a high inertia.
Thereby, they can reach very high temperatures when exposed to the sun and cannot cool down
efficiently at night. Doulos et al., (2004) conducted a detailed assessment of the surface
temperature of 93 materials used for pavement in urban areas with infrared thermal imagery
and reported for instance up to 22.5 °C surface temperature difference around noon between
tiles made of marble and others made of asphalt. They also assessed the effect of different colors
and textures and reported for instance that rough surfaces showed higher surface temperatures
compared to smooth ones.

Various works proposed to increase the albedo of the urban surfaces to reduce the
amount of energy they store and thus reduce their temperature and emitted long wavelength
radiation (Santamouris and Asimakopoulos, 1996; Ringenbach, 2004; Bouyer, 2009;
Castellani, 2021; Bamdad, 2023; Carlosena et al., 2023). Some ancient buildings built by
Mediterranean cultures such as Greece or North Africa communities widely used this technique
and painted their buildings white to prevent their streets and dwellings from overheating.
Multiple works evaluated the effect of increasing the albedo of the facades and roofs at city
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scale on the cooling energy consumptions (Akbari et al., 1992) or on air temperature (Taha,
1997). Taha for instance reported that decreases of air temperature from 2 to 4 °C could be
expected when increasing the global albedo of a city from 0.25 to 0.4.

However, the evaluation of the long-term impact of such high albedo material needs to
take into account the progressive decrease of their albedo mainly caused by the progressive
accumulation of all kinds of dirt brought by the wind and the rain (Bozonnet et al., 2006;
Bouyer, 2009). Also, increasing the surface albedo may come with drawbacks as it may increase
the amount of radiation reflected to the pedestrians which is likely to cause glare and will impact
their energy balance which may increase human thermal stress during hot days.

Finally, the materials found in the urban environment are most of the time not permeable
to water which prevents rainwater to be stored into the soil and by that means limits the direct
evaporation of water from the soil. Yet, the resulting latent heat flux could be very useful to
cool down the urban surfaces which is why using more pervious materials is also of high interest
(FISRWG, 1998).

1.1.5.2. Creation of cast shadows

Urban overheating as well as human thermal stress are highly driven by the incoming
solar radiation. Creating shaded areas therefore appears to be an efficient way to cope with both
issues. Some authors compared different urban geometries in order to provide guidelines on the
best practices to adopt. Ali-Toudert and Mayer (2006) used numerical simulation to highlight
the impact of street orientation and aspect ratio (height of the buildings divided by the width of
the street) on human thermal stress and they (2007) evaluated the advantages of designing
shaded galleries on the sides of the street to provide more comfortable zones for pedestrians.

Other works proposed for instance to stretch sails between the buildings to create cast
shadows (Elgheznawy and Eltarabily, 2021; Garcia-Nevado et al., 2021; Zhao et al., 2024).
Although such solutions may reduce the amount of solar radiation entering the streets during
daytime, they may also overheat by intercepting part of the solar radiation and may be
responsible for important longwave radiation emissions onto the street’s surfaces. At night,

such sails may also limit the radiation exchanges which the street needs to cool down.

1.1.5.3. Watering of the street’s surfaces

It was already mentioned hereinabove that the impervious materials used in cities limit
the latent heat flux resulting from the direct evaporation of the water contained in the soil. In
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response to this issue, some studies proposed to water the pavement of the streets in summer in
order to create a latent heat flux which would cool down the pavement. Hendel (2015) reported
for instance up to 0.79 °C lower air temperature, 2.39 °C lower mean radiant temperature and
1.03 °C lower UTCI (Universal Thermal Climate Index) at 1.5 m above ground level (a.g.l.) in
the late afternoon in a pavement-watered street compared to a control one.

However, such solutions obviously should not be competing with other uses of water
and especially not rely on the use of drinking water. It should only be considered if associated
with a wise management of the rainwater or for instance with the use of recycled water.

1.1.5.4. Vegetation

The greening of urban areas has been raising an increasing interest during the last
decades (Akbari et al., 1992; Bowler et al., 2010; Jamei et al., 2016) as it may provide
interesting cooling benefits through the shadows cast by the plants and the water they transpire.

1.1.5.4.1. Lawns

Grass covers, although they cannot cast shadows on other street surfaces, are
characterized by a higher albedo (approximately 0.25 to 0.3) compared to typical asphalt
surfaces (0.05 to 0.20) (Akbari et al., 1992) and can transpire water contained into the soil,
which enables them to keep their temperature low even during warm and sunny days. Armson
et al. (2012), for instance, measured a ground surface temperature up to 24 °C lower with a
grass cover compared to a concrete cover during a sunny day. Different works reviewed by
Bowler et al. (2010) also reported lower air temperatures above grass covers compared to
classic concrete paving. However, the impact of grass covers on the human thermal stress is
limited as it does not provide shaded areas for the pedestrians, which are still directly exposed
to sunlight.

1.1.5.4.2. Green roofs and facades
Multiple systems exist to integrate vegetation on buildings’ facades and roofs (Fleck et
al., 2022). They all come with different advantages and drawbacks but still, they prevent the
vegetated surfaces from overheating as the plants intercept the incoming solar radiation and
transpire water to cool down (Convertino et al., 2021). The efficiency of the green roofs and
facades may obviously vary depending on the type of vegetation and its density.
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Such a system may be very interesting for facades as the vegetated facades will reflect
less solar radiation to other buildings or other parts of the street and emit less long wavelength
radiation fluxes at night compared to classical urban facades (Alsaad et al., 2022).

It may also be very interesting for roofs as it may also provide a good thermal insulation
and a storage for the retention of rainwater. Such a storage would be useful to reduce the water
runoff to the waste water network and provide water for the transpiration of the plants
composing the green roof. Green roofs however have no influence on the human thermal stress
outside at the pedestrian level.

1.1.5.4.3. Urban parks

The cooling potential of urban parks has recently raised an increasing interest as they
may provide cooler air temperatures compared with other urban places (Liu et al., 2023).
Bowler et al. (2010) reviewed various field surveys carried out in multiple sites to draw a
general trend. They concluded on an average 0.94 °C reduction of air temperature over daytime
(26 studied sites from 16 different studies) and an average 1.15 °C reduction at night (12 sites
from 7 different studies). Obviously, the cooling potential of the parks may depend on various
factors such as the size of the park or the type of vegetation and different temporal trends and
different levels of spatial heterogeneity may be found when comparing different parks (Liu et
al., 2023).

However, urban parks generally represent a small part of the city surfaces and their
influence on the microclimate is quite local. Their effect on the surrounding streets depends on
various factors such as wind speed and direction (Bernard et al., 2022) and other solutions are
needed to provide cooling benefits directly inside the streets.

1.15.4.4. Street trees

Street trees offer a very interesting solution to mitigate overheating as well as human
thermal stress inside the streets. Their foliage intercepts part of the solar radiation which would
otherwise reach the surrounding surfaces and street furniture. Thus, the shadows cast by the
trees prevent part of the incoming solar energy from being stored in the urban environment but
also to directly reach the pedestrians, which helps reduce their thermal stress. Such cast shadows
may depend on the morphological characteristics of the considered trees: crown projected area,
foliage density, etc. Trees also transpire water through their leaves, and the evaporation of this
water uptakes energy contained at the leaf surface and in the surrounding atmosphere which are
locally cooled down. Trees can then help cool down the air inside the streets, which has been
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heated by the surrounding hot surfaces. Deciduous trees also have the advantage to lose their
leaves in winter, which enables the street surfaces to be heated by the winter sun, making it
possible to lower the energy consumption for heating of buildings. A variety of diurnal air
temperature reductions beneath tree canopy compared to reference open areas can also be found
in the literature, ranging from 0.7 °C (Souch and Souch, 1993) to more than 5 °C (Vailshery et
al., 2013).

Trees, and especially street trees, therefore appear to be an interesting solution as they
provide a direct effect on both human thermal stress as well as urban overheating very close to
the city dwellers. Street trees are therefore the subject of the present work.

1.1.5.4.5. Ecosystem services provided by urban vegetation
Moreover, compared with the other cooling strategies listed hereinabove, vegetation,
and especially street trees, provides cities with a wide range of ecosystem services (AURAV,

2020) defined as the “goods and services that humans can obtain from the ecosystems, directly
or indirectly, to ensure their well-being” (CEREMA, 2023):

» Vegetation plays an important role in the water cycle and can be very useful for
rainwater management in cities to reduce run-off and flood risk.

» They absorb CO2 which is a key element of their photosynthetic metabolism. Then,
they form an interesting carbon stock storing part of the CO, emitted by human
activities.

» Their important leaf area may intercept part of the pollutants released in the urban
environment.

» They host various animal species in their roots, bark, trunk and their leaves, litter,
and fruits also are food for various animal species.

» They enhance human well-being.

Obviously, the intensity of such ecosystem services may vary a lot depending on the
type of vegetation and especially the considered tree species, their phenology, the density of
trees, their age, their physiological status, their location inside the urban environment.
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1.1.6. Water availability for street trees

Water is essential for plants. They use it to carry minerals from the ground to their leaves
through their vessels where an important part of this water is transpired and spread out into the
surrounding atmosphere as water vapor. The lack of water may have various consequences on
the processes involved in plant growth and therefore on the plant physiology and morphology.
Such consequences may include transpiration reduction or stop, leaf withering or loss and even
plant death and are obviously very likely to impact the cooling benefits they provide.

However, the multiplication and intensification of drought spells induced by the
ongoing climate change and described previously expose plants to longer and more frequent
periods of water scarcity. In the meantime, the increasing average air temperature leads them
to transpire greater quantities of water which speeds up soil drying. Moreover, in cities, the
need for heat mitigation drives important greening projects which means that more plants will
have to compete for a rarifying water resource. Also, urban trees may have to deal with low
water resources as the volume of soil they can prospect is low and their plantation pits are
generally partly sealed which is likely to reduce the amount of rainwater flowing into the pits.

In this context, it appears crucial to understand if and how street trees are able to resist
the changing climatic conditions. In the meantime, they are expected to provide efficient
cooling benefits to help cities withstand the forthcoming heatwaves and their ability to do so in
such harsh conditions is at stake.

1.1.7. Public policies and technical answers

Stakeholders and policy makers are progressively taking into account the dangers
coming with climate change. To cope with these issues, they generally try to evaluate the
consequences of climate change at different scales (country, region, city) depending on the
territory they manage and then to launch action plans to reduce their contribution to climate
change and prepare for adaptation.

In France, the French ministry of ecology ordered for instance a report from the
“Direction Générale de I’Energie et du Climat”, aiming at downscaling the IPCC scenarios at a
regional scale for French territory and proposing actions to adapt France to the future climate
(Ouzeau et al., 2014). Similar initiatives can also be found at city scale. The city of Paris, in
collaboration with the French meteorological institute, Météo-France, launched in 2007 an
interdisciplinary study aiming at assessing the impact of global climate change at the Parisian
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scale and evaluating the potential of different adaptation scenarios based on the use of reflective
materials, vegetation and pavement watering (CSTB and Météo France, 2012). In 2007, the city
of Paris published its first “Climate Action Plan” (City of Paris, 2018; Ville de Paris, 2024a) in
which urban greening was considered as a key adaptation solution, especially regarding the
overheating mitigation. In this context, the green spaces department of the city of Paris launched
in 2018 the “Trees and Climate” study in order to assess the ability of Parisian street trees to
thrive in spite of the changing climate and the harsh urban conditions while providing efficient
cooling benefits.

These actions were also accompanied by other structural plans dedicated to specific
topics such as the “Tree plan” launched in 2021 by the green spaces department of the city of
Paris. This plan was meant to increase the knowledge about the Parisian population of trees and
its protection, to improve the tree species selection process and to enhance the plantation of a
large number of new trees in Paris. In this frame, a wide comparison of the ecosystem services
provided by more than a hundred tree species, mainly originated from the Parisian region, was
ordered by the green spaces department of the city of Paris (CEREMA, 2023). In 2023, the tree
plantation strategy of Paris was also strengthened by the publication of a “Tree species guide”
(Ville de Paris, 2023) aiming at adapting the choice of the new planted species to the current
environmental and sanitary stakes. More precisely, it was meant to increase knowledge about
the tree species currently present in Paris and the one expected to be able to fit in the future
Parisian urban environment and provide guidelines for tree species selection for new projects.

1.2. Problematic

In this context, it appears crucial to understand more precisely the impact of the extreme
climatic events such as heatwaves and droughts on the development of urban trees and to
evaluate their ability to resist to such conditions and to keep mitigating urban overheating. Such
understanding is indeed essential to properly evaluate the potential of urban trees as a cooling
strategy in the future climate. Moreover, stakeholders and urban planners are looking for
advices regarding the selection of tree species adapted to the future climates and providing
interesting ecosystem services among which overheating mitigation. Then, the present work
proposes to focus on the following problematic:

“How are street trees able to provide efficient cooling benefits in a context of water

restriction while preserving their development?”
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The present work relies on the following hypothesis: street trees experiencing a
moderate water restriction can maintain a good development and growth and keep providing
significant climatic benefits.

To answer to the problematic, the present work deals with the following sub-questions:

» What is the impact of a water restriction on the climatic benefits provided by street
trees?

» What are the respective contributions of cast shadows and tree transpiration to the
climatic benefits provided by street trees experiencing both well-watered and water-
restricted conditions?

» How are the climatic benefits related to morphological characteristics and or
physiological behaviors of the trees? Are there differences between tree species?

In chapter 2, the different phenomena at stake are presented in order to understand the
physical basis of the urban overheating and the interactions between trees and their surrounding
environment. The general processes involved in the tree growth are also described in order to
explain how they can be impacted by heat and drought stress. Then, this chapter reviews the
literature concerning the quantification of the climatic benefits and the effects of heat and
drought stress on both the climatic benefits and the tree growth related processes. Finally, this
chapter explains the structure of the work proposed in the present manuscript and presents the
two complementary experimental facilities that are used. Chapter 3 proposes to assess the
impact of a water restriction on the summer climatic benefits of trees inside an outdoor canyon
street scale model located in Angers, France. It describes the research methodology and then
presents the results obtained. Chapter 4 proposes to assess the summer climatic benefits
provided by mature street trees from 9 different species in 5 sites in Paris, France. This chapter
describes the methodology and presents the results. Chapter 5 proposes a wide discussion of
the results obtained in chapter 3 and 4. It takes a step back in order to draw a general overview
of the climatic benefits provided by the trees especially analyzing the complementarity of the
two experimental approaches. Finally, chapter 6 will summarize the main conclusions of this
work in the frame of the problematic stated hereinabove and discuss a few perspectives.

The work described in the present manuscript was shared with the scientific community
and society through multiple publications and presentations which are listed in section 7.3.
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Chapter

2.  Scientific background

In this chapter, the different physical and biophysical processes at stake are first
described. Then, the state of the art concerning the climatic benefits provided by street trees is
proposed. Finally, the lacks of the literature are summarized in order to highlight the scientific
questions which still need to be answered and detail the objectives and the structure of the
present work.

2.1. Description of the phenomena and processes at stake

2.1.1. Urban climate and overheating

2.1.1.1. Spatio-temporal scales

The study of the earth’s climate aims at providing a representation of the status of the
atmosphere over a given region during a given period of time. It involves the assessment of
multiple meteorological variables such as air temperature, rainfall or wind speed and direction
at different spatio-temporal scales. Indeed, the sun radiation being the main energy flow
reaching the earth’s atmosphere and surface, the meteorological variables are subject to spatial
and temporal variabilities mainly induced by the rotation of the earth on its own axis (daily
variability), the varying relative position of the earth and the sun (seasonal variability), the
latitude of the considered region and the inertia of the different earth components (ground,
oceans, atmosphere). Three main spatial scales are generally considered, although some
intermediate scales have also been defined in the literature to meet specific needs (Bouyer,
2009) as illustrated in Figure 1:
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» The macro-scale (also called global scale) aims at assessing the general mass flows
occurring in the atmosphere across large land areas such as continents. It is generally
associated with a spatial resolution of hundreds of km, a temporal resolution of a
few years and used to forecast the evolutions of the earth’s climate.

» The meso-scale is used to study the regional climate as it focuses on the
aerodynamic, physic and chemical interactions between the global climate and the
regional particularities such as the presence of urban areas. It is generally associated
with a spatial resolution of tens of kilometers, a temporal resolution of a few days
and used to forecast weather for the next coming days.

» The micro-scale is used to study very local particularities. It is for instance well
adapted to the rugosity and heterogeneity of the urban environment. It is generally
associated with a spatial resolution of a few meters, a temporal resolution of an hour
or less and used to evaluate air quality or human thermal comfort at the street scale
for instance.

Different vertical scales have also been defined to take into account different boundary
layers that develop above the earth’s surface, which are characterized by varying respective
contributions of global earth mechanisms and local specificities (roughness, topography, human
constructions) to the observed phenomena (Bouyer, 2009).

SPATIAL SCALE

F 3
Lon
Global &
waves
S000km W memmmmmmmeeen
F 3
Cold &
Synoptic Hurricanes warm
fronts
2000 km
Cyclones ===~
Sea &
Thunder- .
Meso mountain
storms b
0k reezes
Tormadoes
Local Turbulence
2m
< >4 »re ¢ g
Seconds Minutes Hours Days
to mintutes to hours to days to weeks or more

TEMPORAL SCALE

Figure 1: Spatio-temporal scales of the different atmospheric movements adapted from Bozonnet (2005) after
Lyndon State College (http://apollo.lsc.vsc.edu/).
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The phenomena studied in the present work will be assessed at the micro-scale as the
climatic benefits provided by street trees are very likely to be influenced by the high
heterogeneity of the urban environment. The micro-scale is generally associated with a thin
boundary layer, called urban canopy layer, which height is generally considered equal to the
average building height. In this urban canopy layer, the rugosity of the urban forms creates
important vortices in the atmospheric mass flows. Moreover, the high heterogeneity of
materials, the presence of sources and sinks of heat and humidity are very complex to take into
account as they may locally modify the wind flow. Also, the thermal effects caused by
contrasted solar exposures (due to heterogeneity of cast shadows) may also disturb wind flow
with natural convection cells. At this scale, the interesting mechanisms have to be studied at a
very low time-step (no more than 1 hour) because the temporal variability of the climatic
variables is very high.

2.1.1.2. Energy balance of an urban versus a rural surface

The urban environment and the countryside both show very contrasted characteristics
which induce different mass and energy balances. Such balances have been compared in various
works in order to understand the local climate differences observed between both environments
and the factors inducing them.

First, such balances are mainly influenced by the sun which is the main source of energy
reaching the earth’s atmosphere and surfaces. The sun, just as every material body with a
temperature greater than 0 K, emits energy in the form of radiation. The radiation transfers have
been described by different laws which were first established for blackbodies (i.e. hypothetical
bodies able to absorb and emit back all the radiation they receive whatever be the wavelength
of the radiation with null reflection and transmission) and were then adapted to real bodies by
taking into account their emissivity. Stefan-Boltzmann’s law (equation (1)) states that the
amount of energy emitted by a given body through radiation only depends on its temperature.

M; = eoT* (1)

With Mt the amount of energy emitted (W.m™2), & the emissivity of the considered real body, ¢
the Stefan-Boltzmann constant (5.67*10® W.m.K ™) and T, the temperature of the considered body (K).

This radiative energy is emitted through a wide range of wavelengths and the amount of
energy emitted varies for each wavelength. Moreover, Planck’s law states that the distribution
of emitted radiation in terms of both wavelength and amount of energy depends on the
temperature of the considered body (Figure 2), especially this distribution has a maximum value
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which depends on the temperature of the considered body. The wavelength associated with the
maximum amount of energy emitted is actually inversely proportional to the temperature of the
body as stated by Wien’s law (equation (2)). The higher the temperature of the body, the lower
the wavelength associated with the maximum of energy emitted.

2898 2)

max —
T
With Amax the wavelength of the maximum amount of energy emitted by a black
body (um) and T the temperature of the considered black body (K).

The surface temperature of the sun ranges between 5000 K and 6000 K which is why
the wavelength of its maximum energy radiated is close to 0.56 um (Ling et al., 2016) which is
located in the visible part of the electromagnetic spectrum (approximately 0.38 to 0.76 um
(Bouyer, 2009)). Figure 2 shows that an important part of the radiation emitted by the sun is
emitted through wavelengths lower than 0.38 pm (ultraviolet) and higher than 0.76 pm
(infrared) but most of the concerned wavelengths are lower than 3 pm. Indeed, the high
temperature bodies emit most of their radiation through short wavelength radiation (SW) i.e.
between 0.3 and 3 um. The low temperature bodies (e.g.. earth’s atmosphere and soil, plants
and all other objects found at the earth’s surface) also emit radiation but through long
wavelength radiation (LW) i.e. between 3 and 100 pum.

Ultraviolet 1 Visible Infrared
-

@® A\ maximum

Radiation intensity

Wavelength A (m)

Figure 2 : Intensity of the blackbody radiation versus the wavelength of the emitted radiation depending on the
blackbody’s temperature (Ling et al., 2016).

45



Chapter 2

When reaching the atmosphere of the earth, the sun radiation is divided into multiple
fluxes (Figure 3). Part of this radiative energy is directly reflected to the space on top of the
atmosphere, part of it is absorbed by the particles composing the atmosphere which contributes
to warming the atmosphere, part of it is diffused in many directions and may then reach the
different earth’s surfaces while the rest (the greatest part) directly reaches the earth’s surface.
The earth’s surface will reflect part of this radiation and absorb the remaining part which will

increase its temperature.

Short-wave ’

Figure 3 : Different radiation fluxes induced by a SW flux emitted by the sun and reaching the earth’s atmosphere
and surface (Oke, 1988).

To introduce the energy balance at the earth surface, Oke (1987) and Grimmond (1992)
proposed to consider a hypothetical volume composed of a layer of atmosphere on top of a layer
of soil and enabling to summarize the different energy inputs and outputs that can be expressed
for a non-urban area as presented in equation (3). The considered volume receives and reflects
SW and emits LW which, when combined together, form a net all-wave radiation flux called
Q*. Heat can be stored in the volume depending on the thermal capacity of the materials it is
made of and the variation of the amount of heat stored is called AQS. The different surfaces
contained inside the volume may release sensible heat through conduction and convection
which induces a flux called Qun. They may also release latent heat through the eventual
evaporation of water which induces a flux called Qe. Finally, heat can be advected in and out
the considered volume through eventual air flows from or towards the surrounding environment
which induces a flux called AQa. All these fluxes can be expressed for instance in W.m,

Q" =Qu +Qp +AQs +AQ, ©)
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Obviously, such heat transfers are very likely to vary with the characteristics of the
considered surface which is why the different terms of the energy balance vary comparing an
urban surface and a rural one when exposed to the same incoming solar radiation.

2.1.1.2.1. Materials

The urban surfaces (ground and building facades) are usually made of low albedo?
mineral materials which store most of the radiative energy they receive instead of reflecting it
inducing an increase of their temperature (Akbari et al., 1992). Conversely, the materials found
in the countryside reflect more radiative energy to the surrounding environment and their
temperature remains low. Indeed, albedo is considered to range approximately from 0.05 to
0.20 for typical asphalt surfaces, from 0.1 to 0.35 for concrete and from 0.25 to 0.3 for lawns
(Akbari et al., 1992).

Urban materials are also generally denser and characterized by a high inertia which
means that the energy they store during the day is mainly released at night into the urban
environment (Bouyer, 2009). The temperature of the urban surfaces directly affects the air
temperature through natural convection. Considering the energy balance presented previously
in equation (3), the lower albedo and higher inertia of the urban materials is likely to induce
high surface temperatures in cities under sunny conditions leading to important energy transfers
from the surfaces to the surrounding environment through convection (sensible heat term, Qn)
and through the emission of LW radiation (net all-wave radiation term, Q”). The net heat storage
term (AQs) which represents the amount of energy stored in the urban surfaces is also likely to
increase if the considered surfaces cannot lose all the energy the received from the sun.

2.1.1.2.2. Effect of the urban geometry on radiation transfers
The city centers are generally densely built and most of the urban outdoor ground
surfaces are narrow and surrounded by high buildings which leads to a reduced sky view factor?
(SVF) compared to the rural environment. In cities, streets are generally bordered by buildings
on both sides, they are thus called canyon streets and they can be characterized by their aspect
ratio generally defined as the height of the buildings divided by the width of the street. The
higher the aspect ratio, the lower the SVF. Both SVF and aspect ratio are geometrical notions

! The albedo of a surface is the ratio between the SW fluxes reflected by the surface and the incident SW
on the surface. The higher the albedo, the higher the amount of reflected SW.

2 The sky view factor (SVF) is calculated at a given location as the ratio between the area of sky visible
from this location and the theoretical area of sky visible without any surrounding object masking the sky. The
higher the sky view factor, the lower the amount of surrounding objects masking the sky.
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highly related to the SW and LW exchanges of a given surface. Indeed, low aspect ratio and
high SVF (which generally characterizes rural environments) come with a high amount of
incident SW but also a high amount of SW reflected to the sky. Conversely, high aspect ratio
and low SVF (which generally characterizes urban environments) may come with a lower
incident SW due to the shadows cast by the surrounding buildings (Du et al., 2020), but also
with a lower amount of SW reflected to the sky. Indeed, the sunrays entering the urban rugosity
(e.g. a canyon street) are subject to multiple reflections on the urban surfaces and most of them
will reach multiple times the different urban surfaces before being redirected to the sky. This
phenomenon, called radiative trapping, induces a high absorption of the incident sunrays into
the urban surfaces (Figure 4) (Bouyer, 2009). The intensity of the radiative trapping has often
been related to the aspect ratio of the considered street and it appears that a threshold exists.
When the aspect ratio is lower than this threshold, the radiative trapping intensity increases with
the increasing aspect ratio. However, when the aspect ratio is higher than this threshold, greater
aspect ratio leads to lower radiative trapping as the shadows cast by the surrounding buildings
strongly reduce the amount of radiation entering the street.

Some works characterized the impact of this phenomenon on the resulting net radiation
transfers through the calculation of a global albedo at the district or even the city scale as
reviewed by Bozonnet et al. (2006). Average albedo values for 12 cities around the world were
for instance reported by Taha (1997). Although the global albedo of an urban surface depends
on the solar angle and is therefore subject to seasonal variations, it appears that the increasing
roughness, irregularities and the heterogeneity of the building heights decrease the global
albedo, especially in winter. Aida (1982) experimentally modeled 3 urban geometries (canyon
street North-South and East-West oriented and regularly scattered buildings) with cubic
concrete blocks to compare them to a flat surface. They reported up to 20 % higher solar
radiation absorption for the regularly scattered building configuration compared to the flat
surface. Both North-South and East-West oriented canyon streets provided comparable results
with a higher absorption compared to the flat surface but lower compared to the regularly
scattered buildings. They also found that the taller models (higher buildings) showed smaller
albedo values (more radiation absorbed). The height of the buildings also impacts the respective
contributions of the optical properties of the roofs, ground and facades to the global albedo. The
roofs’ contribution increases with the average buildings’ height while that of the facades and

ground decreases and vice versa.

48



Chapter 2

Figure 4: Drawing of the radiative trapping phenomenon adapted by Ringenbach (2004).

Aspect ratio and SVF also highly influence the LW transfers. In a rural environment,
the surfaces generally have a high SVF meaning that most of their radiation exchanges will
involve the sky. At night, the sky temperature is very low and the net radiation transfer between
the sky and the rural surfaces has a high absolute value which enables the rural surfaces to lose
an important part of their energy through radiation emitted to the sky. In cities, the SVF is much
lower and most of the radiation exchanges occur with other urban surfaces having a close
temperature. The net radiation exchanges are then quite low even at night and the urban surfaces
are not able to cool down as efficiently as the rural ones through radiative transfers.

Considering the energy balance presented previously in equation (3), the lower SVF of
the urban configuration directly impacts the net all-wave radiation term (Q) by reducing the
amount of SW reflected to the sky and the amount of LW emitted to the sky. This induces
indirect effects on the other terms of the energy balance.

2.1.1.2.3. Effect of the urban geometry on the wind flow

Wind refers to the flow of air occurring in the earth’s atmosphere to balance the pressure
gradients and the Coriolis force. Wind speed and direction are subject to a very high spatial and
temporal variability. Moreover, although the wind profile may remain constant on a horizontal
plane when considering wide homogeneous open areas free from obstacles, the urban geometry
and volumetry (forms of the buildings and orientation of the streets) create an important
roughness which affects both wind speed and direction. Many works have studied the effect of
different urban morphologies, textures, roughness on the air flow as reviewed by Bozonnet et
al. (2006). Gandemer and Guyot (1976), for instance, described the effect of different classic
urban configurations on the wind flow (pipe effect, Venturi effect, bypass effect, Wise effect).
Multiple works took place in canyon streets. Oke (1987) studied the case of a perpendicular
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incoming wind and reported different air flows depending on the aspect ratio of the considered
canyon street. Studies assessing the concentration of pollutants showed that a whirling wind
flow could form close to the sidewalks on each side of the street when considering canyon
streets with higher aspect ratio and a perpendicular incoming wind. As a consequence, an
accumulation of pollutants and small particles close to the ground was reported (Burton, 2016).

Considering the urban overheating mitigation, wind is generally a good ally as it
increases the convective heat transfers between the surfaces and the atmosphere. However, the
average wind speed is strongly reduced by the urban roughness which induces a reduction of
the amount of energy lost through convection in cities compared to rural areas (Plate and Kiefer,
2001; Bouyer, 2009) which may impact both the sensible heat term (Qn) and the latent heat
term (Qg) of the energy balance (equation (3)). Then, urban overheating is likely to be higher
under low-wind conditions. Also, a lower wind speed induces lower heat loss through
convection for the human body which can decrease human thermal stress in winter but increase
it in summer.

Height [m]

m-

400 - Outskirts

Il

Figure 5: Vertical profile of wind speed above 3 different land use configurations (Hudisteanu et al., 2018).
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2.1.1.2.4. Evapotranspiration in urban areas
The earth’s surfaces may also release part of their energy through the latent heat flux
associated with the evaporation of water. Indeed, the phase change from liquid water to water
vapor consumes a high amount of energy which is uptaken from the surrounding surfaces and
atmosphere. The water can evaporate directly from the soil surface, the lakes and rivers or when
transpired by vegetation. The term “evapotranspiration” refers to all these different processes.

Evapotranspiration in a given area depends on the daily climatic conditions as well as on the
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type of vegetation found in this area and the water content of the soil. It is generally approached
by the calculation of the reference evapotranspiration (ETrs), a standardized value which can
then be adjusted with a crop coefficient taking into account the type of plant and its development
stage, and a water availability coefficient. ETref corresponds to the evapotranspiration of a 1 m2
reference surface of 0.12 m high well-watered grass crop fully exposed to sunlight radiation
and with an albedo of 0.23. It can be calculated with different techniques among which the use
of the Penman-Monteith (equation (4)) (FAO et al., 2006):

900
O.408A(Rn - G) + YWUZ(eS - ea) (4)

A+y(1+ 0.34u,)
ET e is the reference evapotranspiration in mm.day™, A is the slope of the water vapor

ETref =

saturation curve in kPa.°C™, Rn is the daily net radiation in MJ.m.day* measured at 2 ma.g.l.,
G is the conductive heat flux density in the ground in MJ.m2.day* usually considered null on
a daily time step, y is the psychrometric constant in kPa.°C™? (0.066 kPa.°C™?), T is the daily
mean air temperature measured at 2 m a.g.l. in °C, u. is the daily mean wind speed measured at
2ma.g.l.in m.s?, esis the daily mean water vapor saturation pressure in kPa and e, is the daily
mean water vapor pressure in kPa. A, es and e, can be calculated with the equations proposed
by FAQ et al. (2006).

Unlike rural environments, cities are generally characterized by very few open water
surfaces and vegetated areas and most of the natural soils have been replaced by human-made
surfaces mainly composed of mineral materials (Arnold and Gibbons, 1996). In addition to
having a low albedo and a high inertia, as explained hereinabove, such materials are generally
impervious and do not enable water to infiltrate (Figure 6). Although part of the rainwater fallen
onto the ground may evaporate right after the rainfall event, the major part runs off and is
drained to the stormwater evacuation system. This may enhance the convective heat transfer
from the ground surface to the water but it mainly prevents the water from being stored into the
soil and evaporated later directly from the soil surface or after being transpired by vegetation
when the reference evapotranspiration further increases. Thus, the global latent heat flux (Qg)
of the urban surfaces is much lower than the one of the rural environment.
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Figure 6 : Relationship between impervious cover and surface runoff (FISRWG, 1998).

Evapotranspiration corresponds to the amount of water evaporated to form the latent
heat flux Qe presented hereinabove and is therefore involved in both the energy balance
expressed hereinabove in equation (3) and the water balance which is detailed hereinafter in
equation (5) and illustrated in Figure 7 for the same considered volume as proposed by
Grimmond and Oke (1991).

P+I+F=E+r+AS+AA (5)

With P the rainfall, | the piped water supply, F the water released by the anthropogenic
activities, E the evapotranspiration, r the runoff of water in the soil, AS the net change in water
storage in the soil and AA the net moisture advection in the atmosphere. All fluxes of water can
be expressed for instance in mm.hr .
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Surface Water Budget ;
P+ F+1=E+ Ar + AS + AA

Figure 7: Water balance established on top of an urban volume proposed by Oke (1988).

2.1.1.2.5. Anthropogenic heat

Cities host a high density of human activities which release a lot of energy in the form
of heat among which building air conditioning, transport or industry (Akbari et al., 1992;
Bouyer, 2009). Fan and Sailor (2005) modeled the amount of waste energy released in the form
of heat by human activities in urban environments and reported that, in the case of the city of
Philadelphia, it could play an important role in the formation of the UHI, mainly at night and
during winter. Simulations for winter suggested a 2 to 3 °C contribution to the night-time UHI.
Grimmond (1992) also modeled it for a suburban area of VVancouver, Canada, and reported that
it contributes to approximately 10 % of the energy balance over an entire day during winter
until April. It could then only be considered negligible when studying daytime hours (lower
heat load) or non-wintertime period. Although the anthropogenic heat flux is generally
considered lower than 100 W.m (as a comparison, incoming solar radiation can reach for
instance 1000 W.m during daytime in summer in France), it can vary a lot according to the
urban density (Bozonnet et al., 2006) but also depending on the heating and cooling loads of
the different regions of the world. Human activities also cause a higher concentration of
pollutants and particles which may reduce the transparency of the urban atmosphere which is
then likely to absorb a higher amount of solar radiation and overheat.

Thus, when considering the urban environment, a new term (Qr) which represents the
anthropogenic heat flux, has to be integrated to the energy balance presented earlier (equation
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(3)) on the left side of the equation corresponding to the inputs (see equation (6)). An illustration
of a theoretical urban volume considered for this energy balance is proposed in Figure 8.

Q" +0Qr =0y +0Qp +AQs +A0Q, (6)

(b)

Surface Energy Budget :
Q"+ Qg = Q, + Qg + AQg + AQ,

Figure 8: Energy balance established on top of an urban volume proposed by Oke (1988).
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2.1.1.2.6. Resulting urban overheating
To illustrate the modification of the energy balance induced by the urban environment,
Sass (n.d.) proposed an estimation of the different terms for a typical summer day in Houston,
Texas, USA (Figure 9).

Figure 3a: Typical Daily Summer Rural Energy Balance | Figure 3b: Typical Daily Summer Urban Energy Balance
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Figure 9: Typical daily summer energy balance of a rural and an urban surface for Houston, Texas, USA,
expressed in MJ.day.m proposed by Sass (n.d.).

The different phenomena described in the previous sections result in higher surface
temperature and higher air temperatures in the urban environment compared to rural areas. As
a consequence, the air temperature inside the buildings is likely to increase which may
admittedly induce a reduction of the heating loads in winter but an increase of the cooling loads
in summer.

Although the overheating phenomenon can be studied at the entire city scale, it is clear
that the phenomena described hereinabove have direct implications at street scale. They may
also highly depend on the heterogeneity of the urban environment. Streets made of different
materials, with different sky view factors, orientations or amounts of vegetation will indeed
induce contrasted overheating and levels of human thermal stress (Chen et al., 2022). Therefore,
focusing on the street scale appears to be very adapted to evaluate the effect of various solutions,
among which the use of vegetation, on the overheating mitigation.
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2.1.1.2.7. Heatwaves and droughts

Heatwaves and droughts are two climatic events, of which distribution around the world
is highly heterogeneous. However, the ongoing climate change appears to increase both their
frequency and intensity, which is likely to intensify even more the urban overheating.
Heatwaves come with extreme air temperature which might induce a low temperature gradient
between the air and the surfaces reducing the potential cooling of the urban surfaces through
sensible heat flux. Droughts reduce the water availability which limits the potential latent heat
flux that the urban surfaces need to cool down.

A heatwave corresponds to an abnormally high air temperature measured during a few
successive days, however, there is no universal definition of this phenomenon. The thresholds
of air temperature and duration of the event vary in the different regions of the world and for
the different considered applications (Météo-France, 2022a). In France, the French
meteorological institute, in collaboration with the French ministry of health generally monitors
the moving averages of the daily minimum and maximum air temperatures calculated over 3
days during the European summer (i.e. from June 1% to August 31%). Also, a national thermal
indicator was defined to characterize heatwaves. It is calculated as the average of the daily mean
air temperature measured in 30 weather stations homogeneously scattered across the
metropolitan territory (Météo-France, 2022a). A hot event is called a heatwave when this
indicator exceeds 25.3 °C during one single day or 23.4 °C during 3 days or more. The heatwave
is considered finished when this indicator decreases under 22.4 °C during one single day or
under 23.4 °C during 2 consecutive days. However, the French metropolitan territory is
composed of a variety of climates and heatwaves may sometimes only concern part of the
territory. In order to provide the population of each French region with recommendations to
prevent heat-related injuries (Vachon, 2015), the French meteorological institute defined alert
thresholds on the basis of 30 years of meteorological data cross-analysed with mortality data
for each French department (Les Décodeurs, 2016). A day is then considered as forming part
of a heatwave in Paris if the maximal temperature exceeds 31 °C and the minimal temperature
exceeds 21 °C. In Angers, the maximal and minimal temperatures must exceed respectively
34 °Cand 19 °C.

Other methods to identify heatwaves and characterize their intensity, number and length
can be found in the literature. Kuglitsch et al. (2010), for instance, defined temperature
thresholds on the basis of the daily maximum and minimum air temperatures to estimate the
beginning and the end of a heatwave. For each day from June to September, a daily threshold
for minimal/maximal air temperature was defined as the 95° percentile of the minimal/maximal
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air temperature measured on a sample of 15 days centered on the considered day over the 1969-
1998 period. Then, they defined heatwaves as periods of 3 or more consecutive days with
minimal and maximal temperatures exceeding this threshold. For the hot days, the difference
between the maximal and minimal temperatures and their respective thresholds is then used to
quantify the intensity of the heatwave.

Droughts may concern the atmosphere, the soil or the rivers and lakes. Thereby,
different types of dry events may be defined (Agence Parisienne du Climat and Météo-France,
2022; Météo-France, 2023):

» The meteorological drought refers to the absence of rainfall during an abnormally
long period of time.

» The agricultural drought refers to a water deficit in the superficial layer of the soil
(1 or 2 m deep) which is likely to alter the development of vegetation. The superficial
soil moisture depends on the rainfall, the direct evaporation of water at the soil
surface and the transpiration rate of the plants. It is then very related to the air
temperature and relative humidity, wind speed as well as the nature of the soil
(texture) and the type of plants.

» Hydrologic drought refers to an abnormally low level of water in the lakes and the
underground water reservoirs and low water flow of the rivers.

2.1.1.2.8. Human thermal stress

Heat has long been known to impact human physiology. Thus, various studies have first
addressed the impact of heat on labor productivity (Marigo et al., 2023) as well as its potential
dangers on human health. This is the reason why the human thermal stress (or comfort) notion
was introduced in order to quantify the thermal sensation experienced by a human body.
However, the assessment of human thermal stress is quite complex. Indeed, it is associated with
a subjective perception and different people may feel more or less comfortable in a same given
thermal environment, and both qualitative and quantitative factors influence this perception.
Indeed, the people’s dressing, their level of physical activity, or their thermal history at the
moment of the assessment may highly influence their expectations as well as their thermal
sensation (De Dear et al., 1998). As a consequence, multiple definitions of human thermal
comfort exist and Migliari et al. (2022) summarized the two main ones:

» “From a quantitative and thermophysiological point of view, thermal comfort is

defined as the condition of thermal neutrality, which corresponds to the dissipation
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of heat surplus generated by metabolism. This process can be studied analytically
through heat balance formulas.

» From a qualitative and psychological point of view, thermal comfort is defined as
the mind state that expresses the satisfaction with the thermal environment, which
can be investigated empirically via questionnaires (ASHRAE, 2020).”

Therefore, it appears important to accurately quantify human thermal stress in order to
be able to compare different thermal environments on a common basis. The different
meteorological variables used to describe the climate appeared to bring only incomplete
information when considered separately. Therefore, indices taking into account the complete
energy transfers between a human body and its surrounding environment were developed and
proposed in the literature. Indeed, the human body has a thermo-regulation mechanism which
is based on sensible heat exchanges through conduction, convection and radiation, latent and
sensible heat through respiration and latent heat through transpiration. However, tens of
different indices relying on different sets of meteorological variables and different
physiological models can now be found in the literature. Migliari et al. (2022) identified and
described the most commonly used thermal comfort indices, especially those that can be
calculated with available numerical models. They also proposed a methodology to compare
them and select the most adapted ones depending on the context and the objectives. While
testing their methodology, they reported that two indices could be appropriate for the outdoor
human thermal comfort assessment in the Parisian case study: the Physiological Equivalent
Temperature (PET) (HOppe, 1990) and the Universal Thermal Climate Index (UTCI) (Bréde et
al., 2012, 2010). Both were found to bring very comparable results and to be strongly correlated
even in very contrasted climates. Zare et al. (2018) analyzed a 1 year data set collected in
Kerman, Iran (BSk arid climate) whereas Matzarakis et al. (2015) used ten years of hourly data
acquired in Freiburg, Germany (Cfb temperate oceanic climate). UTCI appeared to perform
slightly better for warm and humid environments, maybe because of its more accurate thermo-
physiological model (Fiala multi-node model) (Staiger et al., 2019). The UTCI therefore
appears to be a very good solution for the assessment of outdoor human thermal stress in cities.

The calculation of the UTCI is based on a polynomial regression taking into account the
detailed thermophysiological UTCI-Fiala model (Fiala et al., 2012) coupled with a clothing
model (Havenith et al., 2012). The concept of UTCI is described in Figure 10.
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Figure 10: Concept of UTCI proposed by Brode et al. (2012).

Finally, one of the main interests of the human thermal stress indices is that they enable
to study the respective impacts of the different climatic variables on the human thermal stress.
In this way, they form useful tools to help urban planners adapt their strategy to improve climate
conditions in cities. Brode et al. (2012) run a sensitivity analysis of the UTCI regarding
humidity, wind speed and radiation and they reported among others a strong effect of the all-
wave radiation. A 0.27 °C increase of the UTCI was reported for every 1 °C increase of the
Tmrt - Ta difference whatever be the considered air temperature between 20 °C and 50 °C.
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2.1.2. Trees in the soil-plant-atmosphere continuum

Plants, among which trees, are composed of three organs enabling them to run multiple
interactions with their surrounding environment: leaf, stem, and root. Such interactions are
closely related to their metabolism.

One of the main characteristics of trees is that they are autotrophic organisms which
means that they produce their own biomass to create new tissues and grow. To do so, they rely
on a process called photosynthesis, a biological process using radiation energy to drive energy-
requiring cellular processes (Blankenship, 2021). Photosynthesis requires light energy, carbon
dioxide and water as inputs and results in the production of glucose, dioxygen and water. It then
directly depends on the supply of radiation energy, water and carbon dioxide (Stirbet et al.,
2020).

Photosynthesis comes with a closely related process called transpiration. Indeed, the
photosynthetic reaction requires water which is uptaken in the soil through the roots of the trees
and releases water vapor through the leaves.

Plants perform at the same time a cellular respiration occurring during both daytime and
night-time and uses dioxygene to convert the glucose produced by the photosynthesis to energy
used for all the energy-requiring processes occurring in the cells. The radiation energy that was
transformed and stored in the form of glucose through photosynthesis is then used for the
growth and other life processes of the plant through respiration (Whiting et al., 2023).

2.1.2.1. Leaves and radiation interception

The photosynthesis may be performed by different pigments which are able to convert
radiation energy into chemical energy useful for biochemical processes. Chlorophyll, the most
widespread pigment, absorbs radiation in the visible spectra. This pigment is mainly found in
the leaves of the plants which are thus the heart of the photosynthetic activity. Tree leaves are
composed of different layers (Figure 11). The central one is called mesophyll and contains
various types of cells among which the ones performing photosynthesis which are called
chloroplasts for trees relying on chlorophyll to perform photosynthesis. The mesophyll is held
in between two layers of epidermis aiming at protecting it from mechanical injuries, water loss
or infection. The epidermis is covered with a layer of wax called cuticle also preventing water
loss. Leaves are also crossed by veins that connect the mesophyll to the rest of the tree.
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Figure 11: Internal structure of a tree leaf and its interaction with the incident radiation (Serbin and Townsend,
2020).

Thereby, the entire foliage developed by the trees (also called tree crown) aims at
receiving the appropriate amount of radiation to enhance photosynthesis. Trees therefore need
to maximize both their leaf surface and the solar exposure of their foliage. Although part of the
incoming radiation may be transmitted through the tissues of the leaf, the rest is absorbed by
the chloroplasts or directly reflected at the surface of the leaf (Figure 11) which means that the
amount of radiation received under a tree crown is lower than the one received on top of the
tree. Trees therefore reduce the amount of radiation reaching their close surrounding
environment creating cast shadows meaning that trees may then have a direct impact on the
energy balance of their surrounding environment. However, radiation interception provided by
trees is likely to depend on various parameters:

» The shadow cast by the tree is directly influenced by simple geometrical
considerations which do not depend on the tree characteristics. Indeed, for a given
tree, the area and the location of the cast shadow varies throughout the day according
to the position of the sun in the sky (Figure 12). The area of the cast shadow will
then vary from one day to the next one and no shadow is cast at night.

» The shadow cast by the tree is directly influenced by morphological characteristics
as contrasted morphologies may result in contrasted amounts of radiation
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intercepted. First, the leaves may be quite diverse in terms of size, shape, inclination
respect to the horizontal plane and optical characteristics depending on the
considered tree species. Tree crowns may also have contrasted shapes and total leaf
surfaces which induces contrasted leaf densities. Different studies reported higher
radiation interception rates for trees with higher foliage density (Armson et al., 2013;
Rahman et al., 2020). Trees may also have contrasted heights and horizontal
developments influencing the dimension of the shadow they cast as illustrated in
Figure 12.

» The shadow cast by the tree is indirectly influenced by physiological processes as
such processes may impact tree morphology. The total leaf area of trees varies
throughout their life and, when considering deciduous trees, throughout their annual
vegetative cycle as they lose their entire foliage from autumn to spring. Then biotic
and abiotic factors may induce physiological responses influencing the dynamic of
the vegetative growth as well as the traits of the leaves. For instance, it is easy to
notice that the light access influences leaves’ characteristics as lower canopy leaves
generally tend to be smaller and provide a lower photosynthetic rate compared to
leaves well exposed to sunlight on top of the canopy (Serbin and Townsend, 2020).
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Figure 12: Theoretical influence of the position of the sun, crown shape and tree height on the shadows cast by
trees (Bouyer, 2009). X: length of the cast shadow for a low solar angle, Y: length of the cast shadow for a high
solar angle.

The intensity of the radiation interception may also depend on the considered
wavelength. Indeed, only part of the entire range of wavelengths emitted by the sun is useful
for photosynthesis. The entire visible range (0.4-0.7 um) highly contributes to photosynthesis
and is generally called photosynthetically active radiation (PAR) (Figure 13). Part of the near
infrared (up to 1 um) also contributes to photosynthesis but most organisms cannot use the
wavelengths greater than 0.7 pm and no organism able to use wavelengths greater than 1 pum
has been discovered so far, probably because infrared light has a lower energy content and is
then less efficient for the supply of the photosynthesis (Blankenship, 2021). Thus, although
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most tree species may provide a high interception of the radiation associated to the visible
spectra (associated to a high amount of energy), their interception in the close infrared may
differ resulting in varying qualities of radiation transferred under the tree canopies.
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Figure 13: Solar irradiance spectra (wavelength in nm) emitted by the sun and received above the earth’s
atmosphere (black line) as well as at the earth’s surface after being partly absorbed by the molecules of the
atmosphere (red line) and absorbed by chlorophyll pigments (green line) (Taiz and Zeiger, 2002).

The photosynthesis process, which mainly occurs in the leaves, also implies gas
exchanges between the plant and its surrounding atmosphere. Therefore, leaves are also
composed of small orifices called stomata which can be found on either one (generally the
downfacing side) or both sides of the leaves where such gas exchanges can happen (Taiz and
Zeiger, 2002). The number of stomata per unit of leaf area may vary for different tree species.
These stomata are used for the carbon dioxide and dioxygene exchanges involved in the
photosynthetic process as well as the water vapor release induced by the transpiration. Stomata
may be more or less open. The opening of stomata is managed by specific cells called guard
cells and can be quantified through the measurement of the stomatal conductance. The higher
the conductance, the more open the stomata. Stomatal conductance is highly driven by different
factors such as the vapor pressure deficit of the atmosphere surrounding the leaf, the leaf
temperature and the radiation reaching the leaf. The effect of such factors will be presented
more accurately later on in section 2.1.2.4.

63



Chapter 2

2.1.2.2. Roots

The interface between the trees and the soil is ensured by a network of roots which have
different functionalities. They are supposed to anchor the entire tree in the soil in order to ensure
that it is able to develop its aerial organs (trunk, branches and leaves) while enabling the tree to
stand and resist strong winds for instance. Then, the roots are supposed to uptake in the soil the
water which is essential for the photosynthetic metabolism. To do so, roots bear root hairs,
microscopic extensions of their epidermal cells, which highly increase the surface area of the
root system and therefore the interface between the roots and soil particles (Figure 14).

Root Root Water Sand Clay Air
hair ‘\ particle particle/

Figure 14: Drawing of a root and a root hair in contact with soil particles (Taiz and Zeiger, 2002).

By that means, roots also enable the trees to absorb nutrients and minerals contained in
the soil which play a key role in their metabolism. Such nutrients, among which phosphorus or
potassium are uptaken in the form of inorganic ions in solution in the soil water. They are then
transported to different parts of the plant where they are involved in multiple biological
functions such as the formation of organic compounds used for plant structure, energy storage
or electron transfer reactions.

Different types of roots organization may exist (Atger, 2015; Syndicat intercommunal
de la vallée de I’Orge Aval, n.d.) and are likely to depend on the depth and texture of the soil.
It is also generally admitted that soils which are too compact may be less suitable for root
growth while soils which are too loose may not offer a sufficiently strong anchorage for high
trees.
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2.1.2.3. Trunk and branches

Between these underground and overground compartments, the trees are composed of

stems. The main one, also called the trunk, starts from the soil, is directly connected to the root

system and bears all the other stems which are called branches and bear the foliage of the tree.

The stems are also often called axes and are given an order which represents their location in

the tree architecture. The trunk is the only axis of order 1 as it bears all the branches. The

branches directly born by the trunk are axes of order 2, and so on. The stems are composed of

the following elements (from the edge to the center) as illustrated in Figure 15:

>

The bark which is meant to protect the other elements from the outside environment
and from eventual damages.

The phloem, a network of vessels aiming at transporting the products of the
photosynthesis, also called elaborated sap, from the leaves to the different organs of
the tree.

The cambium which is where the radial growth of the stem takes place. The
cambium is the zone between the phloem and xylem where the tissues of both the
phloem (towards the edge of the stem) and xylem (towards the center of the stem)
are created.

The xylem, a network of vessels aiming at transporting the water which is uptaken
from the soil, also called raw sap, through the roots up to the leaves where it is used
by the photosynthesis process. A new ring of xylem vessels is created every growing
season and actually in use. The xylem rings of the previous growing seasons turn
into wood and form the rigid structure of the stem and of the entire tree.

+— Bark

— Phloem

+— Cambium

+— Xylem of the ongoing
growing season

Lignified xylem of the
past growing seasons

Figure 15: Cross-section of the trunk of a tree adapted from Syndicat intercommunal de la vallée de 1’Orge Aval

(n.d.).
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2.1.2.4. Water fluxes and transpiration

Water plays an essential role in the life of plants, especially as it is involved in the
photosynthetic process. The amount of water required is very important as it has been estimated
that the formation of 1 g of organic matter by a plant may require up to 500 g of water (Taiz
and Zeiger, 2002). Water is also vital for the plant cells as it creates an internal hydrostatic
pressure, called turgor pressure which is essential for the rigidity and mechanical stability of
the trees’ tissues. Turgor pressure is also essential for many physiological processes such as
cell enlargement, gas exchanges in the leaves, transport in the phloem and multiple transport
processes across membranes (Taiz and Zeiger, 2002).

Trees are composed of an entire hydraulic system enabling to drive the water extracted
from the soil from the roots up to the leaves where photosynthesis occurs. This hydraulic system
therefore connects the water in the soil to the water in the atmosphere which are both exposed
to contrasted tensions.

In the soil, the water is withheld into the porosity of the particles at a certain water
potential (Wsoil, expressed as a pressure) which depends on the water availability. In the leaves,
the water brought by the stem is directly exposed to the outside atmosphere when the stomata
are open. The atmosphere contains water in the form of water vapor but is generally not
saturated which means that it can still receive some more water. The water content of the
atmosphere is characterized by the relative humidity as well as the vapor pressure deficit (VPD)
(also expressed as a pressure). The water potential in the atmosphere (i.e. VPD) is generally
much lower than the water potential in the soil, thus, a strong gradient exists between the soil
and the atmosphere (water potential is decreasing when traveling from the roots to the leaves)
which constitutes the driving force enabling the water taken in the soil to travel up the long-
distance ascending transport system formed by the tree (Figure 16). Water moves towards
regions of low water potential and purely in response to physical forces.

The amount of water in the soil that a tree is able to collect is called the Total Available
Water Storage (TAWS) and is defined by two soil volumetric water content (VWC) limits
called field capacity and permanent wilting point. The field capacity is related to the texture of
the soil and is generally associated to a water matric potential of approximately -0.033 MPa
(Cassel and Nielsen, 1986; Bouthier et al., 2022). The permanent wilting point, depends on the
soil texture but may also strongly rely on the considered plant. Then, the TAWS is generally
divided into a Readily AWS (R-AWS), where the plant is supposed to experience a comfortable
access to water, and a Non-Readily AWS (NR-AWS) where pumping water may be more

66



Chapter 2

difficult for the plant which is likely to experience hydric stress. The location of the threshold
delimiting the R-AWS and the NR-AWS may vary depending on the considered tree species.
As an example, R-AWS corresponds to approximately 50 % of the TAWS for apple trees while
it could reach 70 % of the TAWS for conifer trees (FAO et al., 2006).

Then, the water brought by the stem to the stomata evaporates into the atmosphere and
progressively spreads outside of the leaves through the stomata while new water is being
brought from the stem.
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Figure 16 : Representative overview of the water potential at various points in the transport pathway from the soil
through the plant to the atmosphere (adapted from Taiz and Zeiger (2002)).

The release of water into the atmosphere through the leaves is called transpiration and
has another main interest: it is involved in the thermal balance of the leaves. The evaporation
of the water contained in the stomata is an endothermic transformation uptaking energy
contained in the surrounding atmosphere which contributes to cooling down its temperature.
Therefore, transpiration is a way to dissipate the heat gained by the leaves when exposed to
sunlight. Although the leaves can also dissipate part of this energy through sensible heat fluxes
(emission of LW and convection with the surrounding atmosphere), the evaporation of water
in the stomata of the leaves is responsible for an important latent heat flux especially as the
amount of water transpired is very important. Indeed, it is generally admitted that more than 90
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% of the water extracted from the ground is transpired (Taiz and Zeiger, 2002). If transpiration
is stopped while the leaves are still exposed to sunlight, leaves are then very likely to warm up.

The transpiration rate of trees may be impacted by various factors. First, the total leaf
area born by a tree is adjusted to maximize photosynthesis but an increasing amount of leaves
also increases the gas exchanges with the surrounding atmosphere which enhances
transpiration. Rahman et al. (2015) for instance, found higher transpiration rates for tree species
with higher foliage density. Also, transpiration may be highly variable over a single day as it is
ruled by the stomata opening. Rahman et al. (2015) also highlighted the link between stomatal
conductance and transpiration. Indeed, transpiration is by nature tightly related to
photosynthesis which is why it is generally low or null at night. During night-time, the
photosynthetic activity is not possible as there is no radiation and there is no use to uptake
carbon dioxide from the atmosphere nor to cool down the leaves. Stomata are then generally
closed which at the same time prevents useless loss of water. However, some studies reported
non-null night-time transpiration for various tree species. Although the night-time transpiration
was low compared to the daytime one, it was not negligible. Vialet-Chabrand (2013) reported
high stomatal conductance even at night for multiple species and noted a high intra and inter-
specific variability. VPD, temperature and wind speed were supposed to be the main drivers of
tree transpiration at night.

During the day, the stomata opening is ruled by different factors which were ranked by
decreasing magnitude by Vialet-Chabrand (2013) as follows: leaf water potential, VPD and
radiation. When leaf water potential strongly decreases, the stomata may remain closed even
during daytime or they may close earlier than usual which directly limits or stops the
transpiration rate. Water availability is then the main limiting factor. When stomata are open,
the transpiration rate is then mainly influenced by the meteorological conditions among which
VPD is one of the main drivers. The VPD characterizes the dryness of the atmosphere. An
increase of the VPD expresses a dryer atmosphere which induces a higher vapor pressure
gradient between the atmosphere and the leaves and induces a higher transpiration rate. Then,
the amount of radiation received by the leaves is the second driver of tree transpiration
especially as it increases the leaf temperature and enhances the need for water evaporation for
the leaf cooling. Litvak et al. (2017) performed continuous measurement of the daily tree
transpiration of well-watered trees from 14 different tree species during 2 years and highlighted
the proportionality between tree transpiration and ETref, incoming solar radiation, and VPD.

Climatic conditions are highly variable even during a single day. The amount of
radiation received by the leaves is highly driven by the sun’s cycle but also highly depends on
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the cloud cover which may be highly variable and induces very quick changes of incoming
radiation. Leaves may then be exposed to important direct radiation coming from the sun and
then shaded by clouds from an instant to the next one. They are then permanently adjusting
their stomatal conductance to fit to the changing conditions. The stomatal conductance is
therefore almost continuously varying especially as its time response is not negligible.

Tree transpiration can be assessed by using different techniques (Rahman and Ennos,
2016). It is first possible to assess the transpiration at the leaf scale by using the Fick’s law,
described in equation (7), as performed by Rahman et al. (2015). The entire tree transpiration
can then be estimated by multiplying this value by the total leaf area of the tree but the
representativeness of the stomatal conductance measurement carried out on a sample of leaves
may be discussed as leaves with contrasted irradiance may have very different stomatal
conductance.
(€leas — €a) (7

Fa

With E, the transpiration rate (mmol.m2s?), gvow the stomatal conductance

E = gviotar-

(mmol.m?.s1), eiear the vapor pressure inside the leaf which can be considered equal to the
saturation vapor pressure at the leaf temperature (Pa), eathe vapor pressure of the atmosphere
(Pa) and P4 the atmospheric pressure (Pa).

To estimate the transpiration at the tree scale, some authors proposed to perform sap
flow measurements (Burgess and Dawson, 2008) such as Caspari et al. (1993) who used the
heat pulse method consisting in the insertion of two pins inside the tree trunk, one being heated
and the second one measuring the evolution of temperature. If the area of the water conductive
tissues has been previously estimated, for instance after sampling the core of the tree trunk, the
entire water fluxes and therefore the transpiration can then be estimated. Other works performed
water balances on the soil compartment for instance with continuous weighing of the studied
trees (Caspari et al., 1993) or by using lysimeters. Finally, FAO et al. (2006) propose a more
energy-based approach by computing ETes, for instance with the Penman-Monteith equation,
and to adjust it with a crop coefficient (provided by the FAO for different types of plants) and
a water availability coefficient. These coefficients also take into account the development stage
of the crops, however, this technique is better suited in an agricultural context for irrigation
scheduling and appears not to be well adapted to urban plants and urban trees especially as the
foliage development of the urban trees may be highly influenced by the urban geometry and the
trimming rules which means that their dimensions are likely to be different to what they would
be in a natural context (Litvak et al., 2017).
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2.1.2.5. Growth & phenology

The growth dynamic of trees is generally composed of different phases. Considering
deciduous broadleaved trees which are commonly found in temperate climate cities, the growth
process starts in spring with the formation of leaves which enable the photosynthetic process to
start. The growth rate increases and reaches its maximum value during summer before slowing
down and stopping in autumn (AURAYV, 2020). At this time of the year, deciduous trees lose
their leaves to prevent frost-induced injuries and also because winter, besides being
characterized by low temperatures, also comes with less solar radiation.

The phenology of the trees may depend on the considered tree species as well as on the
climatic conditions. Indeed, a warmer end of winter or spring may for instance lead to an earlier
formation of the leaves. The ongoing climate change, which comes with warmer winters,
therefore already affects the phenology of trees. The more frequent warm springs induce for
instance an earlier start of the growth of trees while frost is still likely to occur which endangers
the trees.

Focusing on the stems, the growth is composed of two phases. The first one, called
primary growth, concerns the elongation of the axes. The second one, called secondary growth,
concerns the radial growth, i.e., thickening of the stems. This radial growth takes place in the
cambium area of the stems, as previously explained in section 2.1.2.3, where both the xylem
and phloem vessels are created. Every year, new xylem vessels are created to transport raw sap
(i.e. water uptaken in the soil). Only the vessels of the current year are used for transportation.
Vessels of the previous years turn into wood and are not in use anymore. Therefore, when
cutting a tree stem along its section, concentric rings formed by the yearly xylem vessels can
easily be noticed and distinguished because the tree produces wood with varying color all year
long (the color is lighter during spring and darker during fall which makes it easy to distinguish
the different rings). Each ring is associated with one year of vegetative growth, which makes it
possible to evaluate the stem age by counting the number of rings. When considering the tree
trunk, it is then possible to evaluate the age of the entire tree and also to estimate the growth
rate of the trees by dividing the total radius by the number of rings. However, a non-negligible
variability may exist between individuals. In Paris, a dendrochronological study carried out by
Renard (2020) in 2019 focused on core samplings of 80 Tilia spp. trees and reported that
younger trees had higher growth rates than older ones. They also showed that diameter at breast
height (DBH), which is often measured to estimate the age of trees, could provide wrong
estimations as trees of the same age (determined by counting the number of rings inside their
trunk) could have very contrasted DBH. Many factors may influence the growth rate of trees
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and some studies have tried to relate the dendrochronological analysis to the variability of the
yearly climatic conditions.

2.1.2.6. Stem Diameter Variation

Dendrochronology is an invasive technique and it can only provide analysis at a yearly
time step. To overtake these issues, other growth monitoring techniques such as the
measurement of stem diameter were developed, some of them, like microdendrometers (Adam
etal., n.d.), enabling to monitor the stem diameter at a very low time step (e.g. 10 minutes) with
a high precision (0.5 um). Figure 17a illustrates the evolution of a stem diameter during an
entire year monitored with a microdendrometer. The different phases of tree growth described
in the previous section can easily be noticed. During winter (i.e. from November to February
considering the northern hemisphere), the diameter of the axis remains stable because the tree
is in the dormancy phase. Between the end of winter and the beginning of spring, new leaves
develop on the tree branches enabling the pressure gradient inside the tree to come back and
the photosynthetic activity to start again. The growth of the axis diameter starts and lasts until
autumn. In this season, while air temperature and daily insolation start to decrease, leaves start
to fall and starch formed in the tissues is progressively turned into soluble sugar which provides
the tree with resistance to frost.

When zooming on the diameter variation, daily oscillations of the diameter of the stem
can easily be noticed (Figure 17b). It is considered that they are caused by different processes
occurring at the same time (Daudet et al., 2005):

» The water transport inside the vessels induces a variation of the water content of the
tissues which takes the form of a reversible swelling and shrinkage of living and
dead tissues.

» The formation of new xylem and phloem tissues which induces an irreversible
growth.

» The dilatation of the tissues due to the temperature variations.

When the trees are in dormancy, the water fluxes as well as the formation of new tissues
are stopped. The eventual variations of axis diameter are then likely to be caused by the
dilatation of the trees’ tissues due to the daily variations of air temperature. Starting from spring
and the formation of new leaves, the irreversible growth starts again and can be noticed through
the general increase of the stem diameter. The water fluxes also start again and induce strong
daily variations of the stems’ diameter. During daytime, the amount of water transpired by the
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trees may be higher than the amount absorbed from the ground. In this case, the tree uses water
contained in its own stock (i.e. the water contained in its tissues) to keep transpiring which
induces a shrinkage of its tissues and a reduction of the stems’ diameter. During night-time,
while the transpiration is low or null, the water absorbed by the roots can be used to refill the
tissues of the trees which induces an inflation of their axes (Dietrich et al., 2018).
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Figure 17 : Typical stem diameter variation of a tree (a) over an entire growing season and (b) over a few summer
days.

Different sources of variability may however influence the stem diameter variations.
First, some studies tried to investigate the variability that may exist between the different stems
of a same tree. Most of them reported similar temporal patterns of stem diameter variation when
comparing different locations on the trunk and different branches (Ueda et al., 1996; Daudet et
al., 2005; Corell et al., 2014). Some works highlighted a faster growth and higher daily
amplitudes close to the basis of the trunk (Daudet et al., 2005). Others reported temporal delay
when comparing the maxima and minima for different parts of the trees (Dobbs and Scott, 1971,
Ueda et al., 1996), including branches, which appeared to be linked to the respective solar
exposure of each branch. Burgess and Dawson (2008) observed that daily maximal values were
reached in the morning for East-facing branches and in the afternoon for West-facing branches.
This is consistent with the fact that branches having a high exposure are characterized by a high
stomatal conductance and important water fluxes.

The age and the species of the considered trees may also induce variability of the stem
diameter variations, especially as the proportion of dry and wet tissues may vary (Taiz and
Zeiger, 2002), however, it is not clear how the different types of tissues of the stem contribute
to the overall stem diameter variation (De Swaef et al., 2015; Dietrich et al., 2018). In this way,
the comparison of the absolute stem diameter variations of different individuals is not trivial.
Therefore, some works proposed to compute normalized diameter variations for instance by
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dividing the absolute variations by the overall maximum diameter measured during the
measurement period (Dietrich et al., 2018).

Nonetheless, stem diameter variations are considered as a good indicator for the
monitoring of the tree growth and water fluxes and have also been used to schedule irrigation
events and monitor the response of trees to external stress such as decreasing water availability
(De Swaef et al., 2015).

2.1.2.7. Trees in cities

Cities are very different from the natural environment of trees. Thereby, urban trees and
especially alignment trees generally have to face multiple obstacles that may affect their health
and development.

Street trees are most of the time planted in low volume pits (generally around 10 m®
(Bonnardot, 2020)) especially because urban soils already host a lot of networks for gas, water,
electricity, etc. Combined with the generally high density of the urban soils which have to bear
the weight of multiple human constructions, the development of the root system is constrained
which limits the anchorage of the trees in the soil as well as the volume of soil they can prospect
to find water. In addition, tree pits are generally sealed with metal railings, stabilized soils or
pavement and their open surface is generally small which limits the amount of rainfall entering
the pits (Fini et al., 2022). Street trees therefore may have to face low water availability because
rainwater is their main source of water as they are generally not irrigated except in some cities
like Paris during the first three years following their plantation to ensure a good adaptation to
their new environment.

A low development of the root system is also likely to limit the development of their
aerial organs which, in cities, is also constrained by the surrounding buildings. The tree crowns
have to fit in a limited aerial volume and are generally regularly pruned by the cities’ green
spaces services to avoid branches falling or branches hitting some building or other human
construction (AURAYV, 2020). The effect of soil sealing on the development of trees was
evaluated in different works such as the one of Yu et al. (2018) who reported that highly sealed
conditions led to significantly lower leaf area and a higher exposure to water stress compared
to trees grown in unsealed soils such as parks. Renard (2020) highlighted a higher growth rate
for trees planted in vegetated tree pits and in pits sealed with stabilized soil compared with trees
planted in pits sealed with concrete for Tilia spp. grown in Paris, France.
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The surrounding buildings also reduce the amount of solar radiation reaching the tree
crowns which is likely to limit their photosynthesis activity. Higher growth rates was for
instance observed by Angeniol and Dianoux (2023) and Renard (2020) comparing Tilia spp.
and Platanus x hispanica grown in parks and in streets in Paris.

In cities, trees are also exposed to high pollutants concentration and it has been reported
that a repeated exposure to pollutants may lead to partial leaf necrosis, leaf color loss,
defoliation or general weakening of the tree (Syndicat intercommunal de la vallée de 1’Orge
Aval, n.d.).

The selection of trees for urban plantation is therefore very complex, especially because
it is generally supervised by various services of the same city council which may have different
goals. Not only do the selected trees have to resist the hard urban conditions, they have to
comply with multiple other criteria among which the absence of production of toxic fruits or
fruits that could easily get the street surfaces dirty, the absence of production of allergen
substances or aesthetics considerations, especially in historical districts.

2.1.2.8. Water and heat stress

The description of the metabolism of trees proposed in the previous sections highlighted
the crucial role of water. Thereby, the lack of water has long been known to be one of the main
limiting factors of plants growth and development. It is also known to endanger plant’s health
and is therefore very likely to impact the climatic benefits provided by urban trees.

When soil moisture decreases, Wsoil also decreases towards more negative values. Such
a decrease was for instance accurately reported by some works who measured Wsoil at different
depths for Prunus dulcis (Nortes et al., 2005). In order to maintain the water potential gradient
which is necessary to drive the water through their stems, the trees have to progressively dry
their tissues to decrease their water potential. Several works studied the evolution of the stem
water potential of trees experiencing a water deficit. Ebel et al. (1995a, 2001), Girona et al.
(2010) and Osroosh et al. (2016) all studied apple trees (Malus domestica) and found very
consistent values ranging from - 0.8 MPa to - 1 MPa for control well-watered trees, from - 1.5
MPa to - 2 MPa for the same trees experiencing a moderate water stress and from - 2 MPa to
- 2.8 MPa for trees experiencing a severe water stress. Ebel et al. (1993) also measured the leaf
water potential for Malus domestica experiencing contrasted access to water. They measured
- 1.5 MPa for well-watered trees and - 2.5 MPa for water stressed trees. Rapoport et al. (2004)
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studied Olea europea and measured a - 1 MPa leaf water potential for well-watered trees and
- 3.1 MPa for water-stressed trees.

However, trees can only decrease the water potential of their tissues down to a lower
limit called the permanent wilting point. Below this point, water is still present in the soil but it
is held too tightly in the porosity of the soil and trees cannot apply a sufficient suction to uptake
it. Indeed, the high tensions applied to the water contained in the xylem may lead to the
formation of gas bubbles, a phenomenon called cavitation. Such bubbles break the conductivity
of the water column which prevents the water from flowing in the xylem. This phenomenon,
called embolism, may cause the dehydration and death of the tree (Taiz and Zeiger, 2002). The
water potential therefore forms a useful indicator of the water stress experienced by the trees
especially as it influences different processes such as cell growth and photosynthesis (Taiz and
Zeiger, 2002).

In order to cope with droughts, trees can adopt different responses (Cochard and
Granier, 1999; Lecoeur, 2007; Brendel and Cochard, 2011). First, they may reduce their
stomatal conductance which limits the loss of water through transpiration and the decrease of
the leaf water potential. However, the stop of transpiration is likely to lead to leaf overheating
and stomatal closure also prevents the CO: intake from occurring, which stops the
photosynthetic process. Significant decreases of stomatal conductance were reported during a
dry period for different tree species (Caspari et al., 1993; Konarska et al., 2016). Some studies
even observed correlations between stomatal conductance and stem water potential for apple
trees (Ebel et al., 1995b; Naor, 2000). However, a high variability of the stomatal response may
exist within and between tree species.

The decreasing water content in the trees may also lead to a decrease of the turgor
pressure which gives rigidity to the trees’ tissues. Such a turgor pressure loss may first induce
the wilting of the leaves which may slightly reduce their solar exposure, heat stress and water
loss through transpiration and then to leaf fall which leads to a reduction of the total leaf surface
of the tree. Such phenomena are easily observable during summer droughts. In Paris, France, a
significant leaf loss was observed during the dry summer of 2022 for both Platanus and
Aesculus trees starting from August, which is one month earlier than during a regular summer
(AFP, 2022). The loss of turgor pressure may also affect other physiological processes such as
cell division and enlargement, two mechanisms which are necessary for stem elongation, leaf
formation and expansion (Taiz and Zeiger, 2002). Both the growth rate and the overall aerial
morphology of the trees may then be impacted. The smaller resulting leaf area induces lower
transpiration need, which slows down the decrease of the soil water stock.
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The water stress may also induce an adaptation of the root system. As the soil dries,
roots are likely to extend deeper and far from the trunk to prospect for wetter zones (Taiz and
Zeiger, 2002).

Water stress can then have strong impacts on both plant physiology and morphology
characterized by contrasted temporal responses (Brendel and Cochard, 2011). The stomatal
closure can be noticed from one day to the next one (Zweifel et al., 2007) whereas
morphological adjustments may take several weeks. These different mechanisms may also be
combined and form part of larger strategies to resist drought. When comparing the behavior of
different trees experiencing droughts, it has been reported that two main strategies may exist
(Dervishi et al., 2023):

» Drought stress avoidance (isohydric species): the trees close their stomata quickly
when the water deficit appears in order to limit the drying of their tissues.

» Drought stress tolerance (anisohydric species): the trees maintain their stomata open
to keep biomass production running but this may lead to the drying of the tissues as
the trees keep transpiring. Some adaptations may be needed such as reduction of the
leaf area or osmotic adjustments aiming at avoiding excessive turgor pressure loss.
This strategy may expose the trees to an important decrease of their stem water
potential, which may lead to cavitation and embolism.

The different strategies and mechanisms described hereinabove naturally have a strong
impact on tree transpiration which has already been reported in the literature as reviewed in the
next section. The regulation of the transpiration and the leaf surface temperature is also related
to another potential abiotic stress threatening the trees: heat stress. Indeed, most of the hydrated
trees tissues, among which leaves, cannot survive when exposed to temperatures higher than
45 °C (Taiz and Zeiger, 2002). Yet, the intensification of heatwaves increases the exposure of
trees to air temperatures higher than 40 °C. If such periods are combined with low water
availability and reduction of transpiration, leaf surface temperature is likely to rise up to
extreme values endangering the tissues. Visual damages have been reported on leaves when
trees were exposed to very high temperatures.
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2.2. Literature review

Many works already studied the influence of street trees on different climatic variables
and different approaches have been used to cope with the high diversity of existing urban
configurations and study the high number of variables which is involved.

Some studies quantified their radiation interception and reported from 55 % to 90 %
interception of the incident solar radiation (Heisler, 1986; Kotzen, 2003; Shahidan et al., 2010;
Konarska et al., 2014; Rahman et al., 2020). As a consequence, important surface temperature
reductions ranging approximately from 9 °C to 20 °C were measured comparing shaded and
non-shaded surfaces for different tree species (Kotzen, 2003; Armson et al., 2012, 2013;
Rahman et al., 2020). Yet, this wide range of surface temperature reduction may come from the
fact that the studied surfaces may be composed by different materials which behave differently
when exposed to the sun (Rahman et al., 2020).

Thereby, the trees induce a reduction of the radiation fluxes in their shade which was
highlighted by the measurement of diurnal reductions of globe temperature (Rahman and
Ennos, 2016). Armson et al. (2012) found from 5 °C to 7 °C reduction and Armson et al. (2013)
reported an average 4 °C reduction comparing 5 different tree species. As a consequence, mean
radiant temperature is also strongly reduced in the shade of trees as highlighted by Rahman and
Ennos (2016) in their review which reported Tmr reductions averaging 25 °C.

Some studies compared different tree species and tried to related the differences of
climatic benefits they observed to morphological characteristics of the trees. A significant
influence of the Leaf Area Index (LAI) on the interception of incident solar radiation was found
by Shahidan et al. (2010) who compared two tree species while Armson et al. (2013) reported
a positive correlation between LAI and surface temperature reduction by comparing for instance
5 tree species. Gillner et al. (2015) compared 6 urban tree species and reported that high leaf
area densities and high rate of transpiration were associated with higher air temperature
reduction. Rahman et al. (2020), in their review, identified crown density as having the main
effect on the climatic benefits provided by the trees. Indeed, they reported that the surface
temperature in the shade of trees decreased almost linearly with increasing crown density.
Higher LAI was also found to be related to higher transpiration rates by Rahman et al. (2015)
although transpiration may be highly variable over a single day as it is ruled by the stomata
opening. However, a general lack of data concerning the morphology of urban trees was pointed
out (Musy, 2014; Rahman and Ennos, 2016; Rahman et al., 2020) especially as such
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information are often difficult to obtain which means that further assessments of the influence
of morphological characteristics on the climatic benefits are required.

A variety of diurnal air temperature reductions beneath tree canopy compared to
reference open areas can also be found in the literature (Rahman and Ennos, 2016), ranging
from 0.7 °C (Souch and Souch, 1993) to more than 5 °C (Vailshery et al., 2013). Coutts et al.
(2016), for instance, compared 3 canyon streets with different tree coverage and reported a
maximum air temperature reduction reaching 1.5 C. They also assessed human thermal stress
through the calculation of UTCI and reported a strong reduction of the heat stress from the very
strong heat stress category (UTCI > 38 °C) to the strong heat stress category (UTCI > 32 °C)
in a treed street compared to a non-treed one. This UTCI reduction was observed at different
times over daytime depending on the respective positions of the trees and weather stations.
They attributed this human thermal stress decrease to a large reduction of mean radiant
temperature as they reported higher mean radiant temperature in the streets containing fewer
trees during the day. Conversely, they found out that mean radiant temperature was lower in
the studied open street compared to the treed street at night. Such observations suggested that
the presence of trees decreased the SVF and by the way the nocturnal cooling of the treed street
through LW fluxes. Some works also pointed out that the effect of street trees on air temperature
and human thermal stress was very localized and was decreased in narrow and deep canyons
due to the shadows already cast by the surrounding buildings (Musy, 2014; Coultts et al., 2016).
Their observations therefore suggested a strong spatial and temporal variability of the climatic
benefits.

The assessment of the dynamic and the spatial extent of the climatic benefits of street
trees would require both continuous monitoring and a high density of sensors but very few
studies can afford it especially in real urban conditions. Rahman and Ennos (2016) indeed
pointed out the dynamic of evapotranspirational cooling over a single day or over a year
remained unexplored and that more data should be acquired to understand the influence of the
tree coverage, of the position of the trees in the streets, and of weather on their cooling potential.
Then, although radiation interception is sometimes considered as the most important factor for
human thermal stress reduction, Rahman et al. (2020) pointed out in their review that available
studies generally focused either on radiation interception quantification or on transpiration
quantification and that a detailed comparison of the contribution of both mechanisms is still
needed. The use of experimental reduced scale models may offer a practical solution to these
issues. Although the transposition of the results at full-scale is a critical point, reduced scale
models are more convenient to perform continual monitoring and allow to control more
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parameters such as building heights and surface materials (Hang and Chen, 2022). Herpin et al.
(2022) for instance, measured an average air temperature reduction of 2 °C and an average
UTCI reduction of 5.3 °C under well-watered trees compared to a non-vegetated zone for 120
studied days with a large panel of weather conditions in a 1/5 scale north-south oriented canyon
street. This same experimental device also enabled to estimate that the shade cover effect was
responsible for 74 % of the cooling benefits of trees and transpiration for the remaining 26 %
(Mballo et al., 2021), in well-watered conditions.

In the meantime, various works have also tried to provide urban planners with
recommendations on how to design efficient vegetated areas. Different tools have been
developed to simulate the impact of trees on the urban microclimate (Musy, 2014) and to guide
urban planning, for example by comparing the effect of different greening scenarios. They
generally compared varying tree planting densities (Aboelata, 2020; Aboelata and Sodoudi,
2020; Ouyang et al., 2020; Teshnehdel et al., 2020; Geleti¢ et al., 2022; Gholami et al., 2023;
Wang et al., 2022) or tree morphological variables (height, crown projected area, leaf area
index) (Meili et al., 2021; H. Liu et al., 2022; T. Chen et al., 2023; Ge et al., 2023) to provide
urban planners with advices on the best strategies to design urban green areas. However, these
modeling tools mostly consider well-watered vegetation. This is a direct consequence of the
lack of experimental data regarding the climatic benefits of street trees under low water
availability conditions. Indeed, most studies did not control or did not have any information
about the soil moisture or the water status of the trees and most of them pointed out that further
works should take into account water stress for a comprehensive estimation of the climatic
benefits of street trees. This aspect is crucial especially as street trees are very likely to
experience critical soil water potential during multiple months each year as highlighted by
Schitt et al. (2022) who monitored the soil water potential inside the tree pits of 17 street trees
in 2018-2019.

The effects of the lack of water on the evolution of transpiration and of the related
physiological processes have been assessed but the effects on the radiation interception and on
the climatic benefits, especially in terms of human thermal stress mitigation, remain widely
unexplored.

More precisely, some studies reported correlations between stomatal conductance and
stem water potential (Ebel et al., 1995b; Naor, 2000) and other works observed significant
decrease of stomatal conductance (i.e. stomatal closure) during dry periods (Caspari et al., 1993;
Konarska et al., 2016). Caspari et al. (1993) measured a 25 % to 35 % reduction of tree
transpiration comparing trees grown in a soil maintained at 100 % and 50 % of its water holding
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capacity for 40 days. Chen et al. (2011) monitored the transpiration of multiple trees and soil
water content up to 1 m depth in an urban park during 15 months. Though they could highlight
the dominant influence of the vapour pressure deficit (VPD) on transpiration, they could not
observe any correlation of the transpiration with soil moisture content especially because they
could not measure the water availability in the soil deeper than 1 m under ground level. Litvak
et al. (2017) also performed continuous measurement of the daily tree transpiration from 14
different tree species during 2 years and highlighted the proportionality between tree
transpiration and ETrr, incoming solar radiation, and VPD but they only considered well-
watered trees. Rahman et al. (2011), by comparing urban trees grown in different types of soils
with different soil compaction, highlighted a 50 % reduction of tree transpiration during a spring
drought. They also reported that trees growing in the less compacted soil had a less negative
leaf water potential, a higher stomatal conductance and therefore higher transpiration.

Water stress also appeared to impact the stem diameter variations as this indicator
reflects the reversible shrinkage and swelling of tissues caused by water fluxes (Daudet et al.,
2005; Nortes et al., 2005; De Swaef et al., 2015; Dietrich et al., 2018). When the amount of
water taken from the soil is not sufficient, the plant may use part of the water stored in its tissues
to keep transpiring which may lead to the drying of the tissues (Adam et al., n.d.). It is not yet
clear how much of the daily transpiration can be attributed to the internally stored water, but
various works have already shown that the drying of the tissues of the stems may lead to stem
shrinkage. Moreover, Dietrich et al. (2018), calculated the daily maximum shrinkage as the
difference between the maximum diameter ever recorded and the daily minimum diameter and
reported a very good correlation between this indicator and the leaf water potential for 6 tree
species. Stem diameter variation therefore appears to be a good indicator of the water stress
experienced by the trees. Améglio and Archer (1996) monitored tree transpiration, sap flow,
soil and stem water potential and stem diameter variation for young Juglans regia. They
compared a tree with high water availability in the soil (irrigated every day) and a tree with
decreasing soil water content (not irrigated). They highlighted the decreasing soil and stem
water potential which led to a quick decrease (approximately 4 days needed) of the sap flows
and a very quick stop of radial stem growth (second to third day of the experiment). At the same
time, the daily amplitudes of stem diameter variations increased for the non-irrigated tree which
was attributed to a greater use of the water contained inside the tissues of the non-irrigated tree.

In addition, some authors investigated the effect of the lack of water on the leaf surface
temperature. Alderfasi and Nielsen (2001) measured  significantly different canopy
temperatures for irrigated and non-irrigated wheat through infrared thermometer and Gréf et al.
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(2021) reported canopies from 6 °C to 8 °C higher for water-stressed plants compared to well-
watered ones from 4 species. Given that transpiration enables the plant to cool down its foliage,
leaf surface temperature may give useful information about the transpiration status of the plant
and also about the complete radiation balance of the plant. In this way, leaf surface temperature
is used in the literature as an indicator of plants water stress, for instance under the form of the
crop water stress index (CWSI), a tool which has been developed among others for crop
management (agriculture) to schedule irrigation (Jackson et al., 1981).

Finally, the impact of heatwaves on plants appears to have been mainly studied in the
frame of crop productivity. Among the studies investigating the effect of heatwaves on plant
growth reviewed by Teskey et al. (2015) only three focused on trees and highlighted a reduction
of the growth of the studied trees. Teskey et al. (2015) synthesized their results which showed
that both the temperature and the duration of the exposure are involved in the proportion of
leaves damaged. They also summarized the other known effects of heat stress on trees at the
cellular, leaf and whole plant scale. A noticeable variability may exist between species, for
instance heat stress may enhance or limit stomatal conductance and transpiration depending on
the considered species. But it appears that for all the studied tree species, heat stress reduces
photosynthesis and therefore growth and leaf area development while increasing the leaf loss
and mortality rate. The authors also reported that heat stress resistance is subject to an inter-
specific variability and that trees may be able to acclimatize after multiple expositions to heat
stress. It also appears that a given air temperature can have various impacts depending on the
moment when they occur during the vegetative growth. More recently, Esperon-Rodriguez et
al. (2021) reported a decrease of stomatal conductance while air temperature and VPD were
increasing during heatwaves. However, although some of the works cited hereinabove studied
the climatic benefits of trees during heatwaves, they did not really isolate the effect of the
heatwaves on such benefits.
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2.3. Conclusion and objectives

In the frame of the problematic presented previously in chapter 1, the different
phenomena described hereinabove in section 2.1, can be summarized as proposed in Figure 18.
The present work aims at investigating the climatic benefits provided by street trees but it was
highlighted hereinabove that various different strategies have been proposed in the literature to
quantify such benefits and that no common definition of these benefits has emerged. In the
present work, the assessment of the climatic benefits provided by street trees will include the
evaluation of their effect on different microclimate variables (Ta, Tmrt, AH, etc.) as well as their
ability to reduce human thermal stress.

The climatic benefits provided by street trees are characterized by many sources of
variability, first because the ever-changing meteorological conditions have a direct impact on
the human thermal stress but may also influence cast shadow and transpiration, the two
processes responsible for the climatic benefits. Cast shadows and transpiration are direct
consequences of the tree morphology generally considered as the physical structure and the
external form of the tree, and its physiological behavior which covers the processes involved in
the tree development such as photosynthesis, respiration and transpiration. Finally, the
availability of water in the soil, which varies according to the meteorological conditions,
influences the physiological processes of the trees and in the end their morphological
characteristics.
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Figure 18: General drawing of the processes involved in the climatic benefits provided by trees in the urban
environment.
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2.3.1. Scientific knowledge lacking in the literature

The literature review proposed in section 2.2 shows that numerous works have already
focused on the interactions existing between trees and their surrounding environment (soil and
atmosphere) including in the urban context. Especially, many studies proposed some
evaluations of the climatic benefits provided by urban trees but the complete understanding of
these benefits is not easy regarding the high number of variables involved, the high
heterogeneity of the urban configurations and the important diversity of tree morphologies and
physiological responses.

For most of the studies, only part of the variables of interest are measured. It is then
generally not possible to estimate the respective contributions of cast shadows and transpiration
to the climatic benefits or to evaluate at the same time the effect of the trees on the street energy
balance and on human thermal stress. The density of sensors is generally low and few studies
could perform long-term (days, week or years) continuous monitoring with a small time step
(e.g. 1 hour). Thus, the assessment of the spatial extent as well as of the daily variability of the
climatic benefits is not easy.

A few works have tried to compare trees from different species at the same time and to
relate the effect of trees mainly to their LAI. However, more data is still needed to understand
the influence of the morphological characteristics of urban trees on the climatic benefits they
provide.

Finally, although the effect of water stress and heat stress on plant physiology including
trees have been widely studied, the morphological and physiological consequences of these
abiotic stresses on the climatic benefits provided by the trees remain widely unexplored. Indeed,
the major part of the studies assessing the climatic benefits provided by trees neither control the
water availability for the trees nor monitor it.
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2.3.2. Objectives and structure of the present work

In order to increase the knowledge about the climatic benefits provided by street trees
and provide new answers to the lacks identified in the literature, the present project focuses on
the following objectives:

» Evaluate the sources of variability of the climatic benefits provided by urban
trees.

» Quantify the impact of heatwaves and droughts on the physiology and
morphology of urban trees.

» Quantify the impact of heatwaves and droughts on the climatic benefits
provided by urban trees.

To achieve these objectives, the present project proposes an original methodology
relying on two complementary experimental facilities, both based on the long-term monitoring
of the influence of trees on the urban microclimate with measurements along the soil-plant-
atmosphere continuum. On the one hand, a 1/5 scale canyon street (“reduced scale canyon
street” also called “RSCS”), partially planted with young potted drip-irrigated ornamental apple
trees (Malus Coccinella® ‘Courtarou’) located in Angers, France is monitored to quantify the
effect of street trees experiencing different water supplies on the microclimate. With this
facility, well-watered trees and water-restricted trees grown in the same controlled conditions
can be monitored at the same time with a high density of sensors. On the other hand, an in-situ
monitoring of the microclimate inside and outside the canopy of 36 mature street trees from 9
different tree species located in 5 sites in Paris was performed from 2019 to 2022 (“Trees &
Climate” study also called “T&C”). With this facility, the summer behavior and climatic
benefits provided by multiple tree species experiencing real urban conditions and water
availability can be assessed.

In the frame of this research methodology, the climatic benefits of street trees will then
be understood as the ability of trees to reduce human thermal stress which will be quantified
through the calculation of the Universal Thermal Climate Index (UTCI). Yet, human thermal
stress is influenced by various thermal transfers occurring between the considered human body
and its surrounding environment. Therefore, the effect of trees on different “observation
variables” will be assessed among which air temperature (Ta), mean radiant temperature (Tmr),
surface temperature, absolute humidity (AH) or short and long wavelength radiation (SW and
LW). The analysis of tree morphology will cover the characterization of the foliage (mainly the
total leaf area and the leaf area density -LAI-) and the crown dimensions (volume, projected

85



Chapter 2

area, height, etc.). The analysis of tree physiology will focus on tree growth through the
measurement of the evolution of tree stem diameter as well as on tree transpiration calculated
through a water balance or approached by related variables such as stomatal conductance and
leaf temperature. Different abbreviations will be used to call the multiple parameters studied on
this work, their meanings have been summarized at the beginning of the present manuscript.

Due to their respective characteristics, both facilities bring different insights of the
studied climatic benefits. Table 1 presents their respective contributions to the three main
objectives listed hereinabove which are also split in multiple sub-objectives.
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Table 1: Main characteristics of the two experimental facilities and their respective contributions to the three main
objectives of the project.

Reduced scale canyon street Trees & Climate
(RSCS) (T&C)
e . Reduced scale model Full scale in-situ
Scientific questions and .
- Controlled and measured Uncontrolled but partially
objectives I N
water availability measured water availability
1 tree species 9 tree species on 5 sites
8-week campaign 4-year monitoring

[1.] Exploring the variability of the climatic benefits

Spatial distribution X

Temporal variability X X
Varying climatic conditions X X
Respective contributions of X

transpiration and cast shadows

Morphological characteristics X

[2.] Impact of heatwaves and droughts on tree physiology and morphology

Effect on stomatal conductance X

Effect on transpiration X

Effect on leaf temperature X

Effect on stem diameter X X
variations

Effect on leaf area density X

[3.] Impact of heatwaves and droughts on the climatic benefits

Effect on absolute humidity X

Effect on radiation interception X

Effect on surface temperature X

Effect on radiation balance X

Effect on air temperature X X
Effect on UTCI X X
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Chapter

3. Impact of a water restriction on the
summer climatic benefits of trees inside
an outdoor canyon street scale model

The reduced scale treed canyon street (RSCS) of Angers was progressively built starting
from 2018 in order to evaluate the influence of a typical urban environment on the microclimate
and the influence of alignment trees on the urban microclimate. It was designed as a simplified
street with a few controlled parameters enabling first to easily control the water availability of
the studied trees and then to provide a detailed and well described data set useful for modelling
purposes. First monitoring campaigns of the microclimate inside and outside the street were
performed in 2019 and 2020 in the frame of a previous PhD project (Mballo, 2022). These
campaigns aimed at studying the climatic benefits provided by street trees experiencing well-
watered conditions and simulating the experimental results through a computational fluid
dynamics approach.

In the frame of the present PhD project, two measurement campaigns were then
performed in 2021 and 2022. They aimed especially at evaluating the influence of a water
restriction on the climatic benefits provided by the studied trees. The 2021 campaign, which
lasted 10 days, was used to test and adapt the water restriction protocol and to provide first
results which were presented in an international congress (Thierry et al., 2022). The 2022
campaign offered stronger results and especially the possibility to run an 8-week long water
restriction period during a dry and warm summer. Summer 2022 was indeed drier (45 mm total
rainfall in July and August) than summer 2021 (73.2 mm) while being hotter as the daily
maximum T, was 29.2 °C and 29.4 °C on average in July and August 2022 while it was 24.4 °C
and 23.5 °C on average during July and August 2021.
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Section 3.1 focuses on the effect of a water restriction on tree transpiration, radiation
interception, T and UTCI over an 8-week summer period at a daily time step. This entire
section is actually the manuscript of a research paper submitted to a peer-reviewed international
journal (Building and Environment) in November 2023 and which is still under review. This is
why section 3.1 can be read independently.

Section 3.2 focuses on the same 2-month period as section 3.1 but presents the effects
of a water restriction on tree physiology through the monitoring of stem diameter variation and
leaf surface temperature (Tieaf). It also proposes a focus on three days of interest to assess the
impact of the water restriction on the daily evolutions of the wall surface temperature, the
complete radiation balance of the street and the spatial distribution of the climatic benefits.
Finally, it evaluates the influence of the daily meteorological conditions on the variability of
the climatic benefits.

3.1. Effect of an 8-week water restriction on radiation
interception, tree transpiration and human thermal
stress reduction

3.1.1. Introduction

The multiplication and intensification of extreme climatic events such as heatwaves
accompanying climate change has been observed in all regions of the world (IPCC, 2023). In
France, the average annual duration of heatwaves was 1.7 days.year before 1989 whereas it
reached 7.95 days.year? since 2000 (Météo-France, 2022). It should also obviously impact
cities (Bastin et al., 2019) which are already experiencing an overheating phenomenon called
Urban Heat Island (UHI). Already related to the city size (Oke, 1973) and quantified in various
cities (Arnfield, 2003; Oke, 1978), the UHI is characterized by a temporal (Cantat, 2004) and a
spatial variability (Bournez, 2018; Chen et al., 2022; Unger, 2006) and is influenced by multiple
factors such as the nature of the materials or the urban geometry (Akbari et al., 1992; Bouyer,
2009; Sun et al., 2022). Thereby, canyon streets, which are a common urban configuration,
appeared to be adapted to study urban overheating at street scale (Ali-Toudert and Mayer, 2007;
Hang et al., 2022) and its impact on the pedestrians. Indeed, overheating and heatwaves expose
the human body to a thermal stress which may cause sanitary issues (IPCC, 2023; Kuchcik,
2021). In France, around 15 000 deaths were attributed to the heatwave of summer 2003 and
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the mortality risk appeared to be higher in cities where the UHI intensifies the overheating
especially at night (Laaidi, 2012). Human thermal stress was approached by a variety of
indicators aiming at taking the complete thermal balance of a human body into account. Among
them, the Universal Thermal Climate Index (UTCI) (Brode et al., 2010) is widely used in the
literature for the assessment of outdoor thermal environment because it relies on a highly
detailed human body model (Migliari et al., 2022).

Different promising strategies to mitigate the urban climate were studied in the literature
(Bournez, 2018). They rely on urban materials (Akbari et al., 1992; Carlosena et al., 2023;
Doulos et al., 2004; Salvati et al., 2022; Tabatabaei and Fayaz, 2023; Wardeh et al., 2022),
urban geometry (Ali-Toudert and Mayer, 2006; Jamei et al., 2016) or vegetation such as green
facades (Alsaad et al., 2022; Y. Zhang et al., 2022; Zuckerman and Lensky, 2023) and roofs
(Frei, 2023; Wang et al., 2023), grass cover, urban parks (Bernard et al., 2022; Cheung et al.,
2020; Liuetal., 2023; Yan et al., 2020) or street trees (Armson et al., 2012; Bowler et al., 2010;
Jamei et al., 2016; Priya and Senthil, 2021; Rahman et al., 2020). The use of street trees has
recently raised an increasing interest as they may counteract overheating at the pedestrian scale
during the day by means of two main processes: cast shadow and transpiration. The cast shadow
reduces the amount of solar radiation reaching the surrounding surfaces whereas the water
transpired by the trees takes off energy of the surrounding atmosphere to evaporate.

The impact of individual trees on urban microclimate was highlighted through the
quantification of the incident solar radiation they intercept (Deng et al., 2020; Heisler, 1986;
Konarska et al., 2014; Kotzen, 2003; Shahidan et al., 2010), the temperature reduction of the
surrounding surfaces (Armson et al., 2013, 2012; Gillner et al., 2015; Sharmin et al., 2023), the
reduction of globe temperature (Armson et al., 2012) and mean radiant temperature (Armson et
al., 2013) under their crowns, or the quantification of the energy dissipated through evaporation
of the transpired water (Shashua-Bar et al., 2023; Zheng et al., 2021). A variety of studies on
diurnal air temperature (Moreno et al., 2023; Souch and Souch, 1993; Vailshery et al., 2013)
and UTCI reduction beneath the tree canopy compared to reference open areas can also be
found in the literature (T. Chen et al., 2023; Coutts et al., 2016; T. Zhang et al., 2022). Some
works relied on the use of reduced scale models which are more convenient to perform
continual monitoring and allow to control more parameters such as building heights and surface
materials (T. Chen et al., 2023; Hang and Chen, 2022). Mballo et al. (2021), for instance,
estimated that cast shadows were responsible for 74 % of the cooling benefits of well-watered
trees during a single sunny day inside a 1/5 scale north-south oriented canyon street whereas
the remaining 26 % were attributed to the evaporation of the transpired water. For a large panel
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of weather conditions and considering 120 studied days, Herpin et al. (2022) extended their
work and calculated an average air temperature reduction of 2 °C and an average UTCI
reduction of 5.3 °C under the studied well-watered trees compared to a non-vegetated zone of
the canyon street.

However, the health and development of street trees rely on a sufficient access to water
into the soil. Yet, the intensity, frequency and distribution of rainfalls are expected to be locally
modified due to the ongoing climate change (IPCC, 2023) and the water resources of trees will
not be guaranteed all along the growing season in the near future. (Schiitt et al., 2022) monitored
the soil water potential inside the tree pits of 17 street trees in 2018-2019 and revealed that
street trees were already experiencing critical soil water potential during three to five months
per year.

When exposed to a decreasing soil water potential, trees try to avoid cavitation and
embolism by adjusting their stem water potential especially by closing their stomata or reducing
their leaf area (Brendel and Cochard, 2011; Cochard and Granier, 1999; Lecoeur, 2007), two
mechanisms that may alter their gas exchanges and light interception, and by the way, their
photosynthetic activity and transpiration. The response time of these mechanisms may vary a
lot (Brendel and Cochard, 2011). The stomatal closure can be noticed from one day to the next
one (Zweifel et al., 2007) whereas morphological adjustments may take several weeks. Thus,
the ability of street trees to maintain significant climatic benefits under such conditions needs
to be studied as it is a major concern for urban planners who need to understand how nature-
based solutions may help reduce human thermal stress in cities in a context of rarefying water
resources. Yet, it appears that few works studying the climatic benefits of street trees carried
out continuous monitoring (Gillner et al., 2015; Meili et al., 2021) enabling to assess the effect
of dry periods, and none of them could so far control or monitor soil water availability.

Moreover, vegetation and especially street trees were included in numerical models
resolving the urban water and energy balances at different scales based on experimental
measurements. Such models are now widely used to carry out parametric studies assessing the
impact of different urban greening scenarios on UHI, building energy consumption or human
thermal stress. They generally compare varying tree planting densities (Aboelata, 2020;
Aboelata and Sodoudi, 2020; Geleti€ et al., 2022; Ouyang et al., 2020; Teshnehdel et al., 2020;
Wang et al., 2022) or tree morphological variables (height, crown projected area, leaf area
index) (T. Chen et al., 2023; Ge et al., 2023; H. Liu et al., 2022; Meili et al., 2021) to provide
urban planners with advices on the best strategies to design urban green areas. However, these
modelling tools mostly consider well-watered vegetation whatever the input meteorological
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conditions be. Most of the cited studies pointed out that further works should take into account
water stress for a comprehensive estimation of the climatic benefits of street trees. To do so,
detailed experimental data of the evolution of transpiration and related physiological processes
as well as radiation interception and related morphological variables under water stress are still
needed in order to improve the accuracy of the models.

Some studies assessed the seasonal changes of tree transpiration or related variables
with a varying soil moisture (S. Chen et al., 2023). Others, highlighted significant reductions
of transpiration ranging from 25 % (Caspari et al., 1993) to 92 % (Tan et al., 2020) when
comparing well-watered and water-restricted trees of various species. Caspari et al. (1993),
Gebauer et al. (2023) and Konarska et al. (2016) observed a significant decrease of stomatal
conductance (i.e. stomatal closure) during dry periods. Dervishi et al. (2023) found lower
morphological variables such as leaf area density for young potted water-restricted Platanus x
hispanica and Tilia cordata compared to well-watered ones. However, the studies controlling
or monitoring soil water availability were not meant to study climatic benefits or only assessed
part of the variables related to the tree cooling potential. A preliminary work of Thierry et al.
(2022) evaluated the effect of a 1-week water restriction on street trees climatic benefits but no
impact on the tree foliage was reported as the water shortage was too short and moderate.

Thus, the objective of the present study is to understand and quantify the influence of a
long water restriction period on the climatic benefits provided by street trees and the processes
they rely on. It proposes an original assessment of the effect of the lack of water on both tree
transpiration and shadows cast by the trees and analyses the evolution of their respective
contributions to the climatic benefits over time. To achieve these goals, an original integrated
approach of the soil-plant-atmosphere continuum is proposed including the continuous
monitoring of the water availability in the soil, tree transpiration and radiation interception, and
the surrounding microclimate inside a reduced scale canyon street vegetated with both water-
restricted and well-watered trees during a 2-month summer period.
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3.1.2. Materials and methods

3.1.2.1. Materials

3.1.2.1.1 General presentation of the street

The experiments were run in a 1/5 scale canyon street model located in Angers, France
(47°28°47° N, 0°36°33” W). Angers is characterized by a Cfb temperate oceanic climate
according to the Koppen-Geiger classification (Peel et al., 2007). The street (Figure 19) is
oriented North-South and is bordered by two buildings made of 0.1 m thick white concrete
walls insulated with 0.12 m thick expanded polystyrene on the inside. Wooden frames covered
with steel panels were used to build the roofs and external walls of the buildings. The ground
of the street is covered with a 0.04 m thick layer of asphalt. Some optical and thermal properties
of the materials used to build the street can be found in appendix 7.1.1. Given that both buildings
are 2 m high and that the street is 2 m wide, it forms an urban canyon which aspect ratio is 1
(height of the buildings divided by the width of the street). The street is divided into three zones:
one treeless zone in the southern part of the street and two treed zones in the northern part and
middle of the street. Both treed zones contain 5 ornamental apple trees (Malus Coccinella®
‘Courtarou’) aligned on the North-South central axis of the street. The trees were 4 years old at
the time of the experiment, all issued from cutting and grown in the same nursery (André Briant
Jeunes Plants). They were planted in the canyon street on January 19" 2022 and subjected to a
winter structural pruning. Their upper and lateral axes were trimmed on June 23" 2022 so they
could fit in the dimensions of the reduced canyon street. For the purpose of this study, the three
zones will be referred as:

- The well-watered zone or WW zone for the vegetated zone located in the northern
part of the street as it was fully irrigated all year long;

- The water-restricted zone or WR zone for the vegetated zone located in the centre
of the street as it was subjected to a water restriction during 8 weeks;

- The non-vegetated zone or NV zone for the southern part of the street which does
not contain any tree.
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Figure 19: Top view (left) and south view (right) pictures of the canyon street.

3.1.21.2. Soil compartment

Each tree was planted in an 80 L container placed below the street ground surface inside
a pit dug along the central North-South axis of the canyon street (Figure 20). The containers
were filled with 46.3 L of a topsoil-compost mixture in a 60/40 % volume ratio (from now on
referred as “soil”) placed on top of a layer of stones and a layer of concrete with a slight slope
aiming at facilitating drainage, all layers being separated from each other by geotextile. The
46.3 L volume of top-soil-compost mixture corresponds to a 5.8 m3 volume of top-soil-compost
at full scale when applying a geometrical reduction factor of (1/5)% and to a 8.9 m® volume for
the entire pit considering that tree pits are generally filled with a 65/35 % volume ratio of
topsoil-compost mixture and rocks which is very consistent with the planting conditions in
cities as trees are generally planted in 10 m? pits (CAUE 77, 2022). The 60/40 % volume ratio
used for the topsoil-compost mixture was chosen on the basis of the common practices of urban
greening and on studies showing that a 40 % volume ratio of compost could ensure both good
agronomic quality of the soil and tree growth at the long-term scale (Cannavo et al., 2018;
Vidal-Beaudet et al., 2012). The texture of the topsoil-compost mixture was measured in the
laboratory using granulometry analysis after decarbonisation according to the French standard
NF X31-107: the topsoil contains 6.6 % (mass ratio) of clay, 30.1 % of silt and 63.3 % of sand
and its texture can be classified as loamy-sand regarding the French GEPPA classification and
sandy loam regarding the United States Department of Agriculture classification (USDA
Natural Resources Conservation Service, n.d.). The topsoil-compost mixture contains 8.9 %
(mass ratio) of organic matter.

The containers were covered with lids, and the pits with asphalt sheets preventing
rainfall infiltration and direct evaporation from the soil. The trees were drip-irrigated daily
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between 20:00 and 22:00 UTC with fertilized water. The daily irrigation dose was chosen in
order to maintain the soil moisture at field capacity and ensure well-watered conditions. The
occasional drainage water was collected in a tank placed below every container and its volume
was measured manually every working day (5 days/week).

The 3 central containers of each treed zone were equipped with 2 tensiometers and 2

capacitive probes each, all placed approximately at mid-depth of the topsoil-compost mixture,
aiming at monitoring the water matric potential and the soil Volumetric Water Content (VWC)

(Figure 20).
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Figure 20: Sketch of one of the three central planting containers of the vegetated zones and location of the sensors.

The amount of water in the soil that a tree is able to collect is called the Total Available
Water Storage (TAWS) and is defined by two soil VWC limits called field capacity and
permanent wilting point. The field capacity is related to the texture of the soil and is generally
associated to a water matric potential of approximately -0.033 MPa (Bouthier et al., 2022;
Cassel and Nielsen, 1986). An experimental water retention curve, relating soil VWC and water
matric potential, was established in the laboratory according to the French standard NF EN
13041 for the present topsoil-compost mixture and used to estimate the soil VWC associated to
field capacity to 28 %. The permanent wilting point, depends on the soil texture but may also
strongly rely on the considered plant. In the present experiment, the in-situ continuous
monitoring of the soil VWC showed that when all water inputs and outputs were null except
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the water debited by the trees, soil VWC could not decrease under 10 %. This lower limit was
then assumed to correspond to the permanent wilting point (see Figure 24 presented and
described later). The TAWS was then estimated to 18 % of the soil volume i.e. 8.3 L when
considering the present soil volume of 46.3 L. Then, the TAWS is generally divided into a
Readily AWS (R-AWS), where the plant is supposed to experience a comfortable access to
water, and a Non-Readily AWS (NR-AWS) where pumping water may be more difficult for
the plant which is likely to experience hydric stress. According to FAO et al. (2006), the
threshold delimiting the R-AWS and the NR-AWS should be located approximately at half of
the TAWS for apple trees which means at a soil VWC of approximately 19 % for the present
experiment.

3.1.2.1.3. Meteorological sensors

Although the French meteorological institute (Météo-France) operates a weather station
called “Angers-Beaucouzé” (station n°49020001) located approximately 400 m away from the
studied site, from now on referred as “Météo-France meteorological station”, on-site reference
measurements were carried out with two meteorological masts located outside the street. The
first one was aligned with the central North-South axis of the street and located 6.5 m north
from the street (Figure 19 and Figure 21). The second one was located approximately 8 m west
from the street (Figure 19).

The central cross-section of each zone of the street was equipped with a set of
meteorological sensors described in Figure 21 and mounted at different heights above ground
level (a.g.l.) including 0.4 m a.g.l. which is particularly important for the evaluation of human
thermal stress as it corresponds to 2 m a.g.l. at full-scale which is close to human height (Figure
21).

Air temperature and relative humidity were measured on the central axis of the street at
0.4 ma.g.l. and 1.5 ma.g.l. that is respectively under and inside the tree canopy. Both variables
were also measured at the North mast at 2 m a.g.l. in order to carry out the calculation of the
reference evapotranspiration presented hereinafter. The platinum and capacitive probes used
for this measurement were placed in mechanically ventilated white painted cylindrical shelters.
Both variables were used to compute the absolute humidity.

Globe temperature was measured at 0.4 m a.g.l. at the North mast as well as in each
zone of the street on the central north-south axis using platinum probes mounted inside black
painted copper spheres of 15 cm diameter.
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The North mast was equipped with a net radiometer placed at 2.1 m a.g.l. Inside the
street, both vegetated zones were equipped with 4-components net radiometers placed at 0.78 m
a.g.l. and 2.1 m a.g.l. that is just under and above the tree crowns respectively, to measure
incident downward short wavelength radiation and its transmission through the tree crown. In
the NV zone, the downward short wavelength radiation was measured at 2.1 m a.g.l. with a
pyranometer and the Photosynthetically Active Radiation (PAR) was measured at 0.65 m and
2m a.g.l. with PAR radiometers. PAR measurements were used to calculate the downward
short wavelength radiation at 0.65 m a.g.l. in the NV zone as detailed in section 3.1.2.2.5.

The wind speed and direction on the studied site were measured outside the streetat2 m
a.g.l. on the West mast with a 2D sonic anemometer, and inside the street with a 3D sonic
anemometer at 0.4 m a.g.l. between the NV and WR zones at approximately 4.1 m from the
south end of the street.

The on-site reference evapotranspiration was calculated with the meteorological
variables measured outside the street at the North mast and West mast whereas the Universal
Thermal Climate Index (UTCI) was calculated with the measurements carried out inside the
street in order to evaluate the human thermal stress at human height (0.4 m a.g.l. at reduced
scale). The methods used for the calculation are described in section 3.1.2.2.
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Figure 21: Sketch of the studied canyon street showing the respective positions of the well-watered zone (WW),
the water restricted zone (WR) and the non-vegetated zone (NV) with the location of the sensors in the different
Zones.
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Table 2: Characteristics of the sensors used for the experiment. Data-loggers were used to scan all sensors every
10 seconds and record average values every 10 minutes (n.c. = not communicated).

Measured Measurement Reference,
. Sensor type Accuracy
variable range manufacturer
Volumetric water  Capacitive +2% (£0.02
0 to 100 % EC-5, Decagon
content (VWC) probe ’ cm®/cm?) g
Water matric . STCP 850,
. Tensiometer Oto-0.1MPa +0.2%
potential SDEC
HMT330 and
Air temperature  Platinum -40to +60°C +0.2°C HMP110,
Vaisala
HMT330 and
Air relative . + 1.5 % for
. Capacitive 0 to 100 % HMP110,
humidity P °  HR<90% .
Vaisala
Glob *
obe .
Platinum -5to+95°C  0.15+0.002*T  PT100, RS Pro
temperature .
(°C)
. . + 10 % ondaily NR Lite,
Net radiation Net radiometer  n.c. ’ nd . !
sum Kipp&Zonen
Short and lon .
g 4 components + 10 % ondaily CNR1, CNR4,
wavelength . n.c. .
. Net radiometer sum Kipp&Zonen
radiation
Short wavelength Pyranometer N + 10 % on daily CMP3,
radiation y h sum Kipp&Zonen
Phot theticall . LI-190SA,
OOSYMINEHCAY  podiometer 400 - 700nm  +1 % .
active radiation Li-Cor
+2 % (at
Wind speed and 2D sonic 0to60m.st 12m.s? Mc Gill
direction anemometer 0 to 359° +3°(at12m.ss  Windsonic
Y
. . +0.08 m.s? CSAT-3D,
Wind speed and 3D sonic 0to30m.s? )
o £0.7° (at 1 m.ss Campbell
direction anemometer 0 to 359° 1 o
) Scientific

99



Chapter 3

3.1.2.1.4. Leaf area and crown projected area of the trees

The leaf area of the 3 central trees of each vegetated zone was estimated on July 7" and
August 27" 2022. For leaf-bearing axes, the length of all long axes (longer than 5 cm) was
measured, the number of short axes was counted and the length and width of all leaves on a
sample of 10 long and 10 short axes were measured. The area of each sampled leaf was
calculated out of its length and width using an allometric relationship established on the basis
of data acquired in previous experiments with the same experimental setup and the same trees
(Malus Coccinella® ‘Courtarou’) giving one coefficient of leaf area per short axe and one per
unit of foliated length for long axes. For each tree, the two coefficients were multiplied
respectively by the number of short axes and the cumulative length of all long axes to compute
the total leaf area.

The dimensions of the tree crowns were estimated for each zone by measuring the area
of the horizontal rectangle encompassing the canopy of the 5 trees of each alignment. When
divided by 5, this area was considered equal to the crown projected area on the ground per tree
for each vegetated zone and was used to compute the Leaf Area Index (LAI) of each tree defined
as the ratio of its total leaf area to its crown projected area. Linear interpolation and
extrapolation were used to compute the crown projected area for each day of the studied period
from July 8™ and August 31t 2022 on the basis of the values measured on July 7" and August
27", From July 1% to July 6™, the crown projected area was considered equal to the one
measured on July 7. Indeed, the trees were pruned on June 23" and their dimensions were
supposed to remain constant during the two following weeks, i.e. from June 23" to July 7%
2022.

3.1.2.15. Stomatal conductance

Measurements of the stomatal conductance were carried out during 5 sunny, warm and
rain-free days (July 5", July 12, July 19, July 28" and August 9" 2022) approximately with
a 1-hour time step on 5 mature leaves of the central tree of both vegetated zones with an
AP4-UM-3 porometer (DeltaT Devices Ltd, Cambridge, UK). The 5 selected leaves were close
to the edge of the tree crown in order to be exposed to the sun at least part of the day (Figure
21). As the WR trees experienced defoliation, some of the selected leaves fell during summer
and new leaves had to be selected. A daily average stomatal conductance value was calculated
for each one of the 5 selected leaves from 10:00 to 12:00 UTC and was used to compute a daily
average stomatal conductance for the central tree of each vegetated zone.
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3.1.2.2. Methods

3.1.2.2.1. Irrigation control

Until July 4™, 2022, all trees were drip-irrigated every day between 20:00 and 22:00

UTC with an amount of water sufficient to guaranty that soil VWC was at field capacity

(approx. 28 %) every night and that drainage water was collected on the following day. The

irrigation dose was adjusted according to the forecasted meteorological conditions. Different

indicators were monitored to ensure that the irrigation dose was sufficient to bring soil moisture

at field capacity:

Z0nes:

>

The amount of drainage water collected every day was expected to be strictly
positive;

The water matric potential measured with the tensiometers was expected to be close
to field capacity (-0.033 MPa) after evening irrigation;

The soil VWC, measured with the capacitive probes, was expected to be close to
field capacity (28 %) after evening irrigation.

On July 5™, 2022, two different irrigation treatments were applied to the two vegetated

>

The WW (well-watered) zone, located in the northern part of the street, was kept
fully irrigated as described hereinabove all summer long in order to maintain the soil
at field capacity.

The WR (water-restricted) zone, located in the centre of the street, was subjected to
a water restriction lasting until September 1% The last full irrigation occurred on
July 4" in the evening. Thus, the trees were still experiencing comfortable water
supplies on July 5%, and July 6 was considered as the first day of the restriction
period (also called day 1). Then, a small irrigation dose was poured every day from
July 7" included. The dose was chosen in order to maintain the soil VWC in the NR-
AWS. In total the water restriction lasted for 8 weeks.
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3.1.2.2.2. Estimation of tree transpiration with a water balance
A daily water balance was carried out on the basis of all water inputs and outputs of the
tree containers in order to evaluate daily tree transpiration (8), and adapted for well-watered
(WW) trees and water-restricted (WR) trees.

P+1—AS—ETR—D+R=0 (8)

P is the total rainfall, | is the irrigation poured into the soil, AS is the variation of water
storage in the soil, ETR is the effective evapotranspiration, D is the drainage water, R is the
runoff, all expressed in litre. P and R can be considered null as trees are planted in containers
covered with lids.

Estimation of tree transpiration for well-watered (WW) trees

The measurement of the daily drainage water (D) could not be carried out during non-
working days (week-ends and public holidays). This is why the water balance was simplified
(9) for well-watered trees on a daily time period delimited by the estimated start time and end
time of tree diurnal transpiration as proposed by Mballo et al. (2021) enabling to consider | and
D null (Figure 22). Night-time transpiration is considered null in this case as it was found to be
low compared to the diurnal transpiration on different tree species (Chen et al., 2011; Fisher et
al., 2007).

ETR = _ASdaytime = —A@daytime-Vsoil ?

ABqaytime 1S the diurnal variation of the average soil VWC (points of %) calculated for
each tree between the end time (approx. 19:30 UTC) and the start time (approx. 05:30 UTC) of
diurnal transpiration using the two capacitive probes described in Figure 20, Vsoil (46.3 L) is the
volume of topsoil-compost mixture poured in each container.

Estimation of tree transpiration for water-restricted (WR) trees

During the water restriction period, as the soil of the WR trees dries, the water
distribution might become very heterogeneous preventing the two capacitive probes, which are
very local sensors, to accurately represent the overall water distribution and dynamics in the
soil. Indeed, the daily soil VWC variation of some WR trees became null until the end of the
growing season, whereas they were still irrigated with small doses of water, and thus
transpiring. To face this issue, the daily water balance of the WR trees was run on a 24-hour
time step (19:30 to 19:29 UTC next day) from July 6™ until the end of the growing season. In
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this way, D was set to zero (it was checked that the amount of daily drainage water of the WR
trees was null on this period) and | was included in the water balance which led simplify
equation (8) as follows:

ETR =1—ASyy, =1 — AByup.Vioir (10)

Figure 22 illustrates the daily water balance carried out in the present experiment and
the hypotheses allowing the simplifications presented hereinabove.

Irrigation Measurement of Irrigation
drainage

l Transpiration

| Drainage ‘I‘// / / / /“ 1

Al \
20:00 UTC 1111177 07:00 UTC 20:00 UTC
Day before Estimated start of Water balance calculation for well- Estimated end of
transpiration watered (WW) trees transpiration

Water balance calculation for water restricted (WR) trees
(from July 61 included because drainage = 0)

Figure 22: Daily water inputs and outputs taken into account for the calculation of the water balance and daily tree
transpiration (adapted from Mballo et al. (2021)). (For journal layout: 2-column fitting figure)

The daily amount of water transpired by the trees was converted into a daily quantity of
energy consumed by the evaporation of water with the use of the latent heat of vaporization of
vapour at 20 °C (2.46 MJ.kg?) and transformed to a quantity of energy per surface unit
(MJ.m2.day?) using the average projected area of the tree crowns interpolated for each day as
detailed in section 3.1.2.1.4.

3.1.2.2.3. Reference evapotranspiration
The daily reference evapotranspiration ETrs was calculated on-site at the north mast
using the Penman-Monteith equation (FAO et al., 2006) already presented in section 2.1.1.2.4
in order to characterize the daily climatic conditions and to compare tree transpiration estimated
with the water balance presented hereinabove to the climatic demand. Penman-Monteith
equation corresponds to the evapotranspiration of a 1 m2 reference surface of 0.12 m high well-
watered grass crop fully exposed to sunlight radiation and with an albedo of 0.23. In the RSCS
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experiment, the north mast was located over a lawn regularly trimmed but the height of the
grass was not exactly 12 cm and the water availability for the grass was not controlled.
Nonetheless, the term ET s will be used for the RSCS experiment even though the requirements
of the Penman-Monteith equation were not exactly met.

3.1.2.2.4. Insolation ratio

The daily insolation ratio was characterized by computing the ratio of the daily integral
of the incident global radiation on top of the studied canyon street Riop_street, measured at 2.1 m
a.g.l. using the pyranometer located in the NV zone of the street, to the daily integral of the
theoretical solar radiation received by the earth above the atmosphere Riop_am (reported by FAO
et al. (2006)) as proposed by Mballo et al. (2021) in equation (11).

RtOPstreet

Insolationratio = (11)

RtOPatm

The days were considered sunny when the insolation ratio exceeded 0.65 and cloudy
when it was lower than 0.45 (Mballo et al., 2021).

3.1.2.2.5. Downward short wavelength radiation intercepted by the
tree crowns

The downward short wavelength radiation was monitored at various locations inside
and outside the canyon street enabling to estimate the amount of radiation intercepted by the
tree crowns. In the NV zone, the Photosynthetically Active Radiation (PAR) measured at
0.65 m a.g.l. was used to compute the downward short wavelength radiation at this height. To
do so, the measurements of downward short wavelength radiation and PAR carried out on top
of the NV zone (respectively at 2.1 m and 2 m a.g.l.) were used to compute the proportion of
PAR in the global incident radiation at every time step (10 minutes) as this ratio may vary with
the hour, date and location (Britton and Dodd, 1976). Then, this ratio was applied to the PAR
measured at 0.65 m a.g.l. at each time step in the NV zone as presented in equation (12).

RlOmin—Z.lm—NV

Riomin-0.65m-nv = PAR1omin—0.65m-nv (12)

PARlOmin—Zm—NV

R 10min-0.65m—Nvand Riomin-2.1m—nv are the downward short wavelength radiation calculated
at 0.65 m a.g.l. and measured at 2.1 m a.g.l. in the NV zone at each time step, PAR10min-0.65m - nv
and PAR1omin-2m—nv are the PAR measured respectively at 0.65 m and 2 m a.g.l. in the NV zone
at each time step.
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Then, in order to compute the amount of radiation intercepted by the tree crowns, the
difference of the daily integral of the short wavelength radiation calculated at 0.65 m a.g.l. in
the NV zone and measured at 0.78 ma.g.l. in both vegetated zones was computed and compared
to the daily total amount of radiation calculated in the NV zone through the calculation of a
ratio presented in equations (13) and (14).

_ R0.65m—NV - R0.78m—WW

Tinter.crownww = R (13)
0.65m—NV
_ Rossm-nv — Rozsm-wr (14)
Tinter.crownWR = R
0.65m—NV

Ro.78m - ww, Ro7em — wr and Roesm — nv are the daily integral of the downward short
wavelength radiation in MJ.m2.day measured at 0.78 m a.g.l. in the WW zone, the WR zone
and 0.65 m a.g.l. in the NV zone and finter.crownww and finter.crownwr are the ratios of the daily
integral of the short wavelength radiation intercepted by the crown of each vegetated zone (no
unit).

3.1.2.2.6. Universal Thermal Climate Index (UTCI)
The Universal Thermal Climate Index (UTCI) was calculated at human height (0.4 m
a.g.l at reduced scale) following the methodology developed by Bréde et al. (2012) on the basis
of the measurement of air temperature, air relative humidity and wind speed all carried out at
the same location and on the calculation of the mean radiant temperature (Tmrt) With equation
(15) (Huang et al., 2014).

1.06 x 108 x V,%-°8
e X D0.4-2

Tpure = :/(Tg +273.15)" + (T, —T,) —273.15 (15)

Tmrt, Tg and Ta are respectively the mean radiant temperature, the globe temperature and
the air temperature in °C calculated and measured at the chosen location (Figure 21). ¢ and D
are respectively the globe emissivity (0.95) and diameter (0.15 m), and Va is the wind speed
measured in m.s at 0.4 m a.g.l with the 3D sonic anemometer between the vegetated and non-
vegetated zone for inside street Tt assessment.
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3.1.3. Results

3.1.3.1. Meteorological conditions of the studied period

The two studied months were characterized by an alternation of warm, sunny and rain-
free periods (especially the two first weeks of July and August) characterized by a high
reference evapotranspiration and insolation ratio, and of cloudy and rainy periods (from July
19" to 22" and from August 13" to 26™) which lowered both the reference evapotranspiration
and the insolation ratio (Figure 23). The air temperature of the studied period was on average
2 °C higher than the reference average climatic conditions recorded at the Météo-France
meteorological station (reference period: 1991-2020) whereas the total rainfall was twice lower.
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Figure 23: Evolution of the reference evapotranspiration calculated at the North mast, the insolation ratio
calculated above the street and the rainfall measured at the Météo-France meteorological station during July and
August 2022. The multiple days of interest are highlighted below the figure.

3.1.3.2. Soil volumetric water content

During the studied period, in the WW zone, the irrigation event was followed by a quick
increase of the VWC which was close to the field capacity (approx. 28 %) every night (Figure
24). Then, the VWC quickly decreased during the night as part of the water was drained in
depth in the container. Drainage water was collected every day which confirmed that the water
supply was sufficient to cover the tree transpiration. During daytime, water was pumped by the
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trees for their transpiration leading to a noticeable decrease of the VWC. The R-AWS was
totally consumed most of the time at the end of the day before irrigation.

In the WR zone, the same behavior was observed before the beginning of the water
restriction. Starting from July 6", the soil VWC decreased and quickly approached the
permanent wilting point (approx. 10 %). The small doses of water poured each day starting
from July 7" enabled to maintain the VWC in the NR-AWS from July 6" and lower than 16 %
at night after irrigation from July 14" with lower amplitudes of VWC variations compared to
the WW zone. From August 15", the irrigation dose poured to the WR trees was reduced as the
reference evapotranspiration and insolation ratio were lower in order to prevent an increase of
the soil VWC. Then, the soil VWC of the WR trees reached values even lower, close to the
permanent wilting point, and the amplitude of the daily variations was also reduced.

35
Water restriction start —— WW trees

30 l | | l" WR trees Field capacity

I

Figure 24: Evolution of the average soil volumetric water content (VWC) measured for 3 well-watered (WW)
trees and 3 water-restricted (WR) trees during July and August 2022. Each tree was equipped with 2 soil water
content sensors. Maximum standard deviation is 6.5 % for both WW trees and WR trees (n=6 capacitive probes
for each zone). The ranges of soil VWC for the total available water storage (TAWS), the readily available water
storage (R-AWS) and the non-readily available water storage (NR-AWS) are displayed.

3.1.3.3. Leaf area

The LAI reported in Table 3 were close to those measured by other full-scale studies.
Shahidan et al. (2010) studied for instance Mesua ferrea L. and Hura crepitans L. with LAI
ranging from 1.5 to 6.1. Therefore, the latent heat flux in the present study is comparable to the
one expected at full-scale with trees having comparable LAI and under equal water availability
and climatic conditions. During the studied period, the leaf area, crown projected area and LAI
increased for the WW trees while these three variables decreased for the WR trees (Table 3).
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Table 3: Average total leaf area, crown projected area and Leaf Area Index (LAI) per tree (+ standard deviation)
measured during summer 2022 in the well-watered zone (WW) and the water-restricted zone (WR).

Date WW zone WR zone
Leaf area  Crown LAI Leafarea  Crown LAI
(m2.treet)  projected (m2.m?) (m2.treel)  projected (m2.m3?)
area (m2) area (m2?)
July 7t 26(x0.2) 1.1 2.4 (x0.2) 25(x0.2) 1.1 2.4 (x0.2)
August 27" 4.4 (x0.3) 1.3 3.3(x0.2) 1.8(x0.0) 1.0 1.7 (£0.0)

3.1.3.4. Tree transpiration

Before the water restriction started, both vegetated zones had the same behaviour
(Figure 25a). The WR trees transpired on average 2.9 L.tree*.day® and the WW trees
2.4 L.tree’t.day* which is slightly higher than the well-watered Malus Coccinella® ‘Courtarou’
of comparable LAI (2.5 m2m?) studied in 2020 by Mballo et al. (2021) in the same
experimental facility during a sunny day (2.0 L.tree’.day™) with a 0.5 mm lower reference
evapotranspiration. At full scale, Caspari et al. (1993) measured higher transpiration rates (from
3 to 4.8 L.treet.day™?) for two well-watered 5-year old Asian pear trees (Pyrus serotine) but
with trees having a higher leaf area (6 m2.tree™®).

The beginning of the water restriction led to a quick and strong reduction of the
transpiration of the WR trees. From July 6™ to August 31%, the WR trees transpired on average
0.5 L.tree’t.day* which is 81 % less than the WW trees (3 L.tree’.day* on average).

The daily average stomatal conductance of the central WW tree ranged from 5.7 to
12.1 mm.s! and appeared to be influenced by the daily meteorological conditions (Figure 25b).
On July 5™ and 12", the reference evapotranspiration and the cumulated incident radiation were
high (respectively 3.7 and 4.3 mm.day* and 28.3 and 27.0 MJ.m.day™) which led to a high
stomatal conductance for the WW tree exceeding 10 mm.s®. Conversely, the reference
evapotranspiration and the incident radiation were low on July 28" and August 9™ (respectively
2.8 and 2.9 mm.day?! and 18.0 and 21.7 MJ.m?2.day?') which led to a lower stomatal
conductance of 5.7 and 6.5 mm.s respectively. July 19" however was marked by a high
stomatal conductance in spite of low reference evapotranspiration and incident radiation.

The stomatal conductance of the WR tree was already lower than the one of the WW
tree on July 5" (5.7 mm.s compared to 12.1 mm.s?) but the difference was statistically
significant according to the Welch’s t-test only from July 12" when the stomatal conductance
of the WR tree collapsed to 1.1 mm.s™* before remaining lower than 0.6 mm.s™ during the next
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measurement days. Such values are consistent with those already reported in the literature.
Konarska et al. (2016) measured midday stomatal conductance ranging from approximately 1.5
to 5 mm.s™ for 7 species of street trees but could not control their access to water. Bréda et al.
(1993) measured approximately 8 mm.s™* for well-watered trees and 1 mm.s™ or less for water-
stressed trees when studying Quercus petraea and Quercus robur.

The air absolute humidity was calculated in the centre of the tree canopy of each zone
at 1.5 m a.g.l. and averaged around noon (from 11:00 to 13:00 UTC) when the trees are fully
exposed to sunlight. The difference between the WW and WR zones was computed and
expressed as a percentage of the absolute humidity calculated in the WW zone (Figure 25c). A
negative difference means that the absolute humidity is lower in the WR zone than in the WW
zone. The average difference of absolute humidity between both zones was -0.5 % before the
water restriction start. Then, it noticeably decreased to -11.4 % on July 13 (day 8 of the water
restriction). The difference between both zones was less important in August but an average
difference of -4.7 % was calculated over the whole restriction period. which means that the
concentration of water vapour was less important in the surrounding air of the WR trees
compared to that of the WW trees.
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Figure 25: Evolution during July and August 2022 of: (a) the reference evapotranspiration calculated at the North
mast and the average daily tree transpiration and the associated standard deviation (n=3) calculated for 3 well-
watered (WW) trees and 3 water restricted (WR) trees. (b) The daily average stomatal conductance and the
associated standard deviation measured on 5 leaves of the central tree of each zone from 10:00 to 12:00 UTC.
Results of the daily Welch’s t-test comparing the means of both vegetated zones are displayed (n=5 leaves): ns:
p>0.1, (*):01>p>0.05 * 0.05>p>0.01, ***: 1.0e-3 > p > 1.0e-4. (c) The absolute humidity difference
between WR and WW zones calculated at 1.5 m a.g.l. around noon (from 11:00 to 13:00 UTC) and expressed as
a percentage of the absolute humidity measured in the WW zone.
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3.1.3.5. Radiation interception

Until July 57, before the start of the water restriction, the WW and WR trees intercepted
a similar portion of downward short wavelength radiation (as defined in section 3.1.2.2.5),
respectively 82 % and 83 % (Figure 26). Such results were found to be consistent with full scale
results such as those from Shahidan et al. (2010) who found from 79 % to 93 % radiation
interception with LAI ranging from 1.5 to 6.1 for Mesua ferrea L. and Hura crepitans L. Then,
the radiation interception ratio of the WR trees slowly decreased and reached on average 76 %
during August 2022, remaining over 69 % until the end of the studied period. At the same time,
the ratio of radiation intercepted by the WW trees slowly increased and reached a plateau at
86 % on average of the incoming radiation in the end of July 2022, remaining lower than 90 %
until the end of the studied period. During August 2022, the average difference recorded
between both zones was 9.5 points of % and the maximum difference was 17 points of %
(August 25™).
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Figure 26: Evolution of the ratio of the daily integral downward short wavelength radiation intercepted by the tree
crowns calculated in the centre of both vegetated zones at 0.78 m a.g.l. on the basis of the daily integral incident
radiation calculated in the non-vegetated (NV) zone at 0.65 m a.g.l.

3.1.3.6. Energy balance approach

Following the methodology reported by Mballo et al. (2021), the sum of the daily
amount of short wavelength radiation intercepted (section 3.1.2.2.5) and the daily amount of
energy consumed by the evaporation of the transpired water (section 3.1.2.2.2) was considered
as a daily amount of energy dissipated by the trees and graphed in Figure 27. The contribution
of tree transpiration is also displayed and that of the radiation interception can be inferred as
the difference between the total amount of energy dissipated and the contribution of
transpiration.
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The average total amount of energy dissipated by both vegetated zones were very close
from July 1% to 5" (20.3 MJ.m2.day* with 5.7 MJ.m2.day* (29 %) attributed to transpiration
for the WW zone compared to 21.6 MJ.m>.day? dissipated in total by the WR zone with
6.7 MJ.m2.day™ (32 %) attributed to transpiration). Mballo et al. (2021) calculated a slightly
lower contribution of tree transpiration during a sunny day of summer 2020 with well-watered
apple trees (26 %) but with a lower transpiration rate as mentioned in section 3.1.3.4.

In the WW zone, the total amount of energy dissipated by the trees remained on average
close to 17.3 MJ.m2.day? all along summer with a slight increase of the contribution of
transpiration which reached 35 % on average during August 2022.

In the WR zone, the total amount of dissipated energy noticeably decreased from
21.6 MJ.m?2.day? (average from July 1% to 5 to 10.9 MJ.m2.day* (average during August
2022) and most of this reduction was attributed to the reduction of the WR trees transpiration
(-6 MJ.m2.day™?). In August 2022, the total amount of energy dissipated by the WR zone was
37 % lower than that of the WW trees and 8.1 % of this total amount came from the evaporation
of transpired water.
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Figure 27: Evolution of the daily amount of energy consumed by the tree transpiration and of the daily total amount
of energy dissipated (consumed by the evaporation of transpired water + intercepted by the tree crowns) by each
vegetated zone during summer 2022. The daily amount of radiative energy intercepted by the tree crowns can be
inferred as the difference between the total amount and the amount related to transpiration.

3.1.3.7. Climatic benefits of the trees

The air temperature and UTCI measured in the three zones at 0.4 m a.g.l. were averaged
daily between 10:00 and 14:00 UTC during July and August 2022 (Figure 28) as the maximum
climatic benefits provided by the well-watered trees were measured at solar noon by Mballo et
al. (2021) in this canyon street. The differences between the WR zone and the WW zone (WR
zone - WW zone) were also calculated and graphed in Figure 28c.
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From July 1% to 5" (i.e. before the water restriction), the mean air temperature measured
around noon was on average 2.7 °C lower in the WW zone and 1.8 °C lower in the WR zone
compared to the NV zone. Thus, the WR zone was on average 0.9 °C warmer than the WW
zone. Indeed, a non-constant pre-existing difference approaching 0.9 to 1 °C on average
between the sensors was noticed and has to be considered when comparing both vegetated
zones. Such results fit in the range of diurnal air temperature reductions found in the literature
(from 0.7 °C (Souch and Souch, 1993) to more than 5 °C (Vailshery et al., 2013)) and are
consistent with the maximum 2.7 °C reduction measured at midday by Mballo et al. (2021) for
well-watered trees. In August 2022, the WR zone was on average 1.2 °C hotter than the WW
one (these differences include the pre-existing difference mentioned earlier) and 1.3 °C hotter
when focusing on the driest and sunniest days of August (11 days with no rainfall and an
insolation ratio greater than 0.65). During these eleven days, the air temperature was on average
3.1 °C lower in the WW zone and 1.8 °C lower in the WR zone compared to the NV zone.

From July 1%tto 5", the UTCI was on average 6.3 °C lower in the WW zone and 5.7 °C
lower in the WR zone compared to the NV zone which is consistent with the findings of other
studies at full scale (Coultts et al., 2016) and with the 8 °C UTCI reduction measured at midday
during a sunny day by Mballo et al. (2021) under well-watered trees in the present canyon street.
The UTCI was on average 0.6 °C higher in the WR zone than in the WW one, which is probably
caused by the pre-existing difference of air temperature mentioned hereinabove. During this
period, the UTCI in the NV zone reached the high heat stress category almost every day unlike
both vegetated zones which were maintained in the moderate heat stress category. During July
and August 2022, the UTCI in the NV zone reached the very high heat stress category during
10 days whereas this category was reached only on July 18™ in the WR zone and it was not
reached in the WW zone. The UTCI difference between both vegetated zones increased along
summer 2022. In August 2022, the UTCI was on average 1.6 °C higher in the WR zone
compared to the WW one. This difference reaches 1.8 °C when focusing on the driest and
sunniest days of August (11 days with no rainfall and an insolation ratio greater than 0.65).
During these eleven days, the UTCI was on average 6.3 °C lower in the WW zone and 4.5 °C
lower in the WR zone compared to the NV zone. At the end of August 2022, UTCI differences
reaching up to 2.6 °C (July 30" can be noticed between both vegetated zones.

113



—
-]
[=

Chapter 3

40 Water
restriction
G start
<
p
2
o
]
o
£
]
)
=
<
—o— NV zone (0.4 m) —=— WW zone (0.4 m) —— WR zone (0.4 m)
15+ T T T
Jul 01 Jul 15 Aug 01 Aug 15
(b)
45 Water
et —o— NV zone (0.4 m) _—=— WW zone (0.4 m) —— WR zone (0.4 m)
40 - start 4
5:335— l .\’
O o O A/ ./" /
5 304 ¥ 4
25 \,u/\/
20 T T I
Jul 01 Jul 15 Aug 01 Aug 15
Ej (c) 3
;E Water —A— Airtemp. (0.4 m) —&— UTCI (0.4 m)
Qo restriction
N
o))
o B e
e
o
o
E § 1 Akh xR A\ AN R
S
82
g 0 T | I
= Jul 01 Jul 15 Aug 01 Aug 15

Figure 28: Evolution of: (a) the air temperature measured at 0.4 m a.g.l. in each zone of the street and averaged
from 10:00 UTC to 14:00 UTC; (b) UTCI calculated at 0.4 m a.g.l. in each zone of the street and averaged from
10:00 UTC to 14:00 UTC regarding the different thermal stress categories: no thermal stress (9 to 26 °C UTCI,
green), moderate heat stress (26 to 32 °C UTCI, yellow), high heat stress (32 to 38 °C UTCI, orange), very high
heat stress (38 to 46 °C UTCI, red) and extreme heat stress (>46 °C UTCI, not shown); (c) the difference of air
temperature and UTCI between both vegetated zones (WR zone - WW zone) calculated daily between 10:00 and
14:00 UTC at 0.4 m a.g.l. during summer 2022.
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3.1.4. Discussion

The present study relies on a reduced scale experimental facility built in the frame of a
wider research program aiming at studying the climatic benefits of street trees. So far, only data
acquired in 2020 and 2021 relying on well-watered trees (Mballo et al., 2021; Demotes-Mainard
etal., 2022; Herpin et al., 2022) or during a preliminary study (Thierry et al., 2022) with a very
short water restriction (1 week) were partially released. Thus, the present contribution
investigates, for the first time, the impact of a long water restriction (8 weeks) on street trees
climatic benefits using new experimental data acquired over summer 2022. The use of a reduced
scale facility enabled to perform continual monitoring and to guaranty the homogeneity of some
parameters such as building heights and surface materials but the comparison of the results with
full-scale studies is not trivial. However, Mballo et al. (2021) have already brought various
answers to this aspect and the present results were found to be consistent with various full-scale
studies, as shown in the results section.

Thereafter, we will discuss first how the spatial and temporal variability of the studied
variables have to be taken into account to understand the phenomena at stake and then, how the
present study highlighted the effect of a water restriction on the variables involved in the
climatic benefits of street trees.

The climatic benefits provided by street trees are subject to a spatial variability induced
by multiple factors such as the geometry of the surrounding environment, the surface materials
or the trees attributes (Jamei et al., 2016). The present study relies on local sensors such as
capacitive probes or radiometers which may fail to give an exhaustive representation of the
phenomena at stake as they may be very sensitive to the positioning because of the
heterogeneity of soil VWC or of the tree crowns architecture. Also, the two-month time series
showed strong daily variation for many variables which is probably related to the daily
meteorological conditions. The tree transpiration seemed to be highly driven by the daily
reference evapotranspiration when considering WW trees whereas the transpiration of the WR
trees appeared to be limited by the daily amount of water poured through the controlled
irrigation. Then, as a cloudy weather comes with lower direct solar radiation, the daily
insolation ratio highly influenced the amount of radiation intercepted by both vegetated zones
as well as the total amount of energy they dissipate and induced daily variations of air
temperature and UTCI reduction provided by the trees. This is consistent with the strong
influence of the incident solar radiation on UTCI reduction highlighted by Herpin et al. (2022).
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Nevertheless, the influence of the water restriction on the studied variables could be
highlighted. The WW trees were not limited by water availability allowing an increase of their
leaf area, crown projected area and LAI as well as their radiation interception ratio and
transpiration (4 L.tree.day® during the very last days of August compared to 2.4 L.tree.day™
in the beginning of July). However, even though on-site observations reported that the leaf area
of the WW trees was still increasing in August 2022, their radiation interception did not exceed
90 %, meaning that they may have reached a maximal radiation interception capacity that
cannot be exceeded even with a greater leaf area. (T. Chen et al., 2023) highlighted this
threshold effect on various microclimatic variables through a numerical parametric study. Also,
the lower insolation ratio observed around mid-August led to a slight decrease of the amount
of radiation intercepted by the WW trees which induced an increase of the contribution of
transpiration to the climatic benefits.

Conversely, the WR trees transpiration was strongly and quickly reduced: it was already
half that of the WW trees on the second day of restriction and was on average 81 % lower than
that of the WW trees during the entire water restriction period (Figure 25). Such results were
very consistent with the quick partial closure of the WR trees stomata as well as the decreasing
amount of water vapour measured into the atmosphere of the WR tree crowns (Figure 25). The
crown projected area of the WR trees remained almost constant during the studied period
suggesting that the branches stopped growing early in the summer meanwhile the leaf area and
the LAI decreased, likely due to partial defoliation observed on-site (Table 3), which led to a
decrease of their radiation interception ratio (Figure 26). Still, their remaining leaf area and
stems appeared to be sufficient to intercept at least 69 % and on average 76 % of the radiation
measured in the NV zone during August 2022. As a consequence, the total amount of energy
dissipated by the WR trees noticeably decreased and most of this reduction was attributed to
the reduction of the WR trees transpiration although transpiration was only responsible for one
third of the total amount of energy dissipated for trees experiencing well-watered conditions
(Figure 27).

Nevertheless, the WR zone kept providing noticeable climatic benefits until the end of
the studied period in spite of the lack of water. Taking into account that air temperature and
UTCI were slightly higher in the WR zone compared to the WW zone at the beginning of the
studied period, the net difference of air temperature measured between both vegetated zones at
0.4 m a.g.l. increased by about 0.3 °C (Figure 28) which is almost negligible compared to the
sensors accuracy (£0.2 °C, see Table 2). This could suggest that the air temperature reduction
provided by the trees under their crown compared to the NV zone may be more related to the
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interception of the incident radiation, which prevents the street surfaces from overheating, than
to the evaporation of the transpired water. The effect of transpiration is noticeable at 1.5 ma.g.l.
in the center of the tree crown (Figure 25c) but is probably gradually mixed with the
surrounding atmosphere as we move away from the tree crown, especially during high wind
situations.

UTCI is very sensitive to radiation and especially to direct short wavelength radiation
and it appeared to be more impacted by the water restriction than air temperature. The net
difference of UTCI increased by approximately 1 °C, which is noticeable, and highlights the
effect of the decreasing radiation interception, but still low regarding the amplitude of the
thermal stress categories defined for the UTCI interpretation (e.g. the moderate heat stress
ranges from 26 to 32 °C UTCI). This suggests that preserving the shadows cast by the trees is
essential to prevent human thermal stress increase during a water restriction.

However, the present measurements carried out under the tree crowns may have been
too local to show the entire effect of the increase of the radiation transmitted by the WR trees
on the temperature of the surrounding ground and building facades which may have modified
both the buildings energy budget as well as human thermal stress in other parts of the street
(Figure 27). Thus, it is important to assess the role of the crown of WR trees in the complete
radiation balance of the street. To do so, the use of infrared imaging to assess the area of shaded
street surfaces or the evaluation of the street surfaces temperature as well as the upward and
downward short and long wavelength radiation with a thinner time step during both daytime
and night-time could be interesting. Also, the effect of water restriction on UTCI being mainly
mediated by radiation interception, the effect of water restriction on crown architecture should
be further investigated to understand how it impacts axis and leaf growth as well as defoliation
in relation with climatic benefits, especially as different tree species could have contrasted
architectures and responses (M. Liu et al., 2022; Rahman et al., 2020).
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3.1.5. Conclusion

The present study enabled to evaluate the influence of a long water restriction (8 weeks
during summer season with soil VWC in the lower zone of NR-AWS) on the climatic benefits
of street trees in a 1/5 scale canyon street. The impact on tree transpiration was quick and strong.
A noticeable reduction of the LAI of the WR trees led to a slight decrease of their radiation
interception which however remained high. Although the daily total amount of energy
dissipated by the WR trees was noticeably reduced, the WR trees maintained efficient cooling
benefits all along the water restriction period. No noticeable air temperature difference was
measured under the tree crowns of both zones at 0.4 m a.g.l. (equivalent to human height at full
scale) but the difference of UTCI calculated under the tree crowns at 0.4 m a.g.l. between the
WR trees and the WW trees increased from 0.6 °C before the water-restriction to 1.6 °C in the
end of the studied period. The differences of climatic benefits provided by both WW and WR
trees remained low which is consistent with the low impact of the water restriction on the
radiation interception of the WR trees, since radiation interception is responsible for the major
part of the daily total amount of energy dissipated by the trees. The present work should be
completed with the monitoring of complementary variables and with deeper analyses on a daily
cycle to understand the role of the crown of WR trees in the complete radiation balance of the
street. It should also be extended to other tree species in order to help stakeholders select the
most adapted tree species regarding both the resistance to drought and the overheating
mitigation in cities especially during heatwaves.
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3.2. Physiology and spatio-temporal variability of the
climatic benefits of well-watered and water-restricted
trees during an 8-week summer period

The present section also focuses on the 8-week summer period presented in section 3.1.
It takes advantage of the high density of sensors mounted in the reduced scale canyon street as
well as of the thin time step of measurement (10 minutes). It focuses first on the effect of the
water restriction presented in section 3.1 on tree physiology through the assessment of the
evolution to stem diameter variation of the studied trees as well as their leaf temperature. Then,
it presents a wider assessment of the influence of the WW and WR trees on the microclimate
through the analysis of wall temperature, of a detailed radiation balance and of the microclimate
at different locations inside the RSCS. Finally, it evaluates the influence of the daily
meteorological conditions on the variability of the climatic benefits.

3.2.1. Materials

The studied canyon street was already widely presented in section 3.1. Figure 30
presents the location of the sensors in the same way as Figure 21 presented in section 3.1.2.1.3
with a top view of the street and a cross section of each zone of the street. The sensors which
were not used and not presented in section 3.1 were added to Figure 30 and appear in red.

In addition to the previously introduced measurements, air temperature (Ta) and relative
humidity (RH) were also measured at the north mast at 1 m a.g.l. and inside the street at 1 m
a.g.l. on the central axis of the street as well as at 0.4 m a.g.l. close to the eastern wall of the
street (approximately 15 cm from the wall). The platinum and capacitive probes used for this
measurement were placed in mechanically ventilated white painted cylindrical shelters. Both
variables were used to compute the absolute humidity (AH).

The globe temperature (Tg) was measured at 0.4 m a.g.l. at approximately 15 cm from
the eastern wall in each zone of the street using platinum probes enclosed in black painted
copper spheres of 15 cm diameter.

The outside surface temperature of the walls was measured in each zone on the facade
of both buildings with fluxmeters mounted at 1 m a.g.l..

The surface temperature of the tree leaves was measured on 5 leaves of the central tree
of each vegetated zone at 1.5 m a.g.l. Three leaves were located in the center of the tree crown,
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one was located at the eastern edge of the crown and one at the western edge of the crown. Each
selected leaf was equipped with a T-type thermocouple stuck on the down-facing side of the
leaf with adhesive tape.

Trunk diameter variation was measured on the trunk of each studied tree (three central
trees of each alignment) at approximately 0.7 m a.g.l. with microdendrometers (PépiPIAF,
INRAE UMR PIAF, France (Adam et al., n.d.)). The installation of the microdendrometers as
well as the monitoring of the trunk diameter variation were performed by researchers from the
Institute of Research in Horticulture and Seeds (IRHS) in the frame of another PhD project
(Canonne et al., 2023). The microdendrometers are made of a static body attached to the trunk
which holds a needle able to move back and forth on an axis parallel to one radius of the trunk.
The point of the needle is maintained in contact with the bark of the trunk with a spring and
with glue applied between the point of the needle and the bark of the tree. Figure 29 shows an
example of a microdendrometer mounted on the trunk of one studied tree.

Figure 29: Microdendrometer mounted on the trunk of a studied tree in 2022.
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Figure 30: Sketch of the studied canyon street showing the respective positions of the well-watered zone (WW),
the water-restricted zone (WR) and the non-vegetated zone (NV) with the location of the sensors in the different
zones. The sensors not presented in section 3.1 and used in section 3.2 are in red.
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Table 4: Characteristics of the sensors used for the experiment. Only the sensors not presented in section 3.1.2.1
are described. Data-loggers were used to scan all sensors every 10 seconds and record average values every 10

minutes (n.c. = not communicated).

Measured Measurement Reference,
: Sensor type Accuracy
variable range manufacturer
PépiPIAF,
Trunk diameter . INRAE UMR
o Microdendrometer +7.5mm +0.5 um ]
variation PIAF, Lycée
Lafayette, France
Wall surface Thermal
Fluxmeter n.c. n.c.
temperature fluxmeter, Captec
-40 to +125 °C +05°C TCS.A.
temperature T-type

3.2.2. Methods

3.2.2.1. Leaf temperature

An average leaf surface temperature was calculated for the central tree of each vegetated

zone on the basis of the 5 selected leaves and compared to the air temperature measured at

1.5 ma.g.l. in the NV zone of the street which was therefore used as a reference.

3.2.2.2. Trunk diameter variation

The microdendrometers record for each time step the difference between the current

position of their needle and the initial position of their needle at the beginning of the acquisition.

For each tree, the signal of stem diameter variation was then divided into five indicators which

were introduced in previous works found in the literature such as the one of Dietrich et al.

(2018). In the present case, the five indicators were expressed in mm as described hereinafter

and illustrated in Figure 31.

» DNV: The Daily Net Variation was calculated for each day (n) as the difference

between the maximum diameter recorded on day (n) and the maximum diameter

recorded on the previous day (n-1) as shown in equation (16). The DNV can then

take positive or negative values.

DNV,, = Maximum diameter,, — Maximum diameter,_,
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» DAmp: The Daily Amplitude of diameter variation was calculated for each day (n)
as the difference between the maximum diameter and the minimum diameter
recorded on day (n) as shown in equation (17).

DAmp,, = Maximum diameter,, — Minimum diameter, a7

» MDER: The Maximum Diameter Ever Recorded was calculated daily as the
maximum value of trunk diameter ever recorded during the measurement campaign
as detailed in equation (18).

{MDER, = Maximum diameter, if Maximum diameter,, = MDER,_,} (18)
{MDER,, = MDER,,_; if Maximum diameter,, < MDER,_,}

» DG: The Daily net Growth was calculated for each day (n) as the difference between
the MDER of day (n) and the MDER of the previous day (n-1) as shown in equation
(19). DG can only take positive values and it assumes that biomass, once created,
cannot be lost and that the eventual negative variation between day (n-1) and day
(n) is caused by water induced stem shrinkage.

DG, = MDER,, — MDER,_, (19)

» MDS: Maximum Daily Shrinkage was calculated daily as the difference between

the MDER of day (n) and the minimum diameter recorded during day (n) as detailed
in equation (20).

MDS,, = MDER, — Minimum diameter, (20)

MDER
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Figure 31: Theoretical representation of the five daily indicators calculated on the basis of the stem diameter
variations: DNV: Daily Net Variation, DAmp: Daily amplitude, MDER: Maximum Diameter Ever Recorded, DG:
Daily Growth, MDS: Maximum Daily Shrinkage, all expressed in mm.
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3.2.2.3. Selection of 3 days of interest

The analyses presented in section 3.1 focused on the 2-month period lasting from July
1% to August 31 2022. In the present section, some analyses also consider this 2-month period
but others focus on 3 days of interest in order to take advantage of the 10-minute time step of
the data set and to provide a better understanding of the physical processes on a diurnal cycle.
The selected three days had close sunny, warm and rain-free meteorological conditions, more
precisely, they were chosen because they had close ETret, insolation ratios, Ta, wind speed and
direction (Figure 32) and no rainfall as described in Table 5. The three days of interest were
also chosen in order to illustrate different stages of the water restriction: July 4™, 2 days before
the start of the water restriction, July 23", day 18 of the water restriction, and August 20", day
46 of the water restriction. From now on, these three days of interest will be referred as “typical
sunny days”.

Table 5: Meteorological data measured on site outside the canyon street and at the Météo-France meteorological
station located approximately 400 m away from the studied site.

Source July 412022 July 2372022  August 20" 2022

Irrigation of
WW zone
Irrigation of WR

- Well-watered Well-watered Well-watered

Well-watered, Water

zone, . Water restricted,
I - 2 days before  restricted,
Water restriction Day 46
start Day 18
progress
Canyon street
ET
S North mast 3.8 3.8 3.2
(mm.day™)
2ma.g.l
Canyon street
Insolation ratio North mast 0.71 0.68 0.68
2ma.g.l
Daily total
rainfall Météo-France 0.0 0.0 0.0
(mm.day™?)
. Canyon street
i"‘?‘fg}”m North mast  26.9 28.7 29.0
: 1.5ma.g.l.
Average Canyon street
e c? North mast  19.0 21.3 21.2
: 1.5ma.g.l.
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Source July 4M2022  July 2392022  August 20t" 2022
i nyon str
Minimum Canyon street
. North mast, 9.8 13.4 14.2
Ta (°C)
1.5ma.g.l
Average wind Canyon street
speed at 10 m West mast, 1.3 0.8 1.1
a.g.l. (m.s?) 10 ma.g.l.
Average wind Canyon street
direction at 10 m  West mast, N-W W-N-W W
a.g.l. 10 ma.g.l
Sunrise time
04:11 04:29 05:05
(UTC)
Sunset time
20:02 19:48 19:06
(UTC)
July 4™ July 23" August 20"
N N N
3 T 479 T T 22.9
9. NE Nw 3.3 N-E Nw 18.3 N-E
" 28.7 \\ ya 13.8 \\
5 ' 19.2 / 9.2
\ 96 4 A 46 4
S e Sha e
s s s
Wind speed at 10 m height (m/s)
 [0.0:1.0[ . [1.0:2.0[ [ | [2.0:3.0[ | [3.0:4.0( [0 [4.0:5.0( . =50

Figure 32: Windroses measured at the west mast of the canyon street at 10 m a.g.l. during the three typical sunny
days.

3.2.2.4. Study of heatwaves

Two heatwaves were reported by Météo-France during July and August 2022 in the
region of Angers (Figure 33). The first one was short but intense, it lasted 2 days from July 17
to July 18" and air temperature reached 40.7 °C on July 18" (Météo-France, 2022b). The second
one lasted 4 days from August 10" to August 13" with air temperature exceeding 35 °C (Météo-
France, 2022c). Both heatwaves were also characterized by very high VPD compared to the
rest of summer. A daily average VPD of 3.7 kPa was calculated on July 18" and daily average
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values ranging from 2.4 kPa to 2.6 kPa were recorded from August 10" to August 13" whereas
the daily VPD was around 1.4 kPa on average all over July and August 2022.

g Il Reference evapotranspiration —e— |nsolation ratio I Rainfall _
E 10 Water restriction I 1.0 :t;] 0 . (@
a start Heatwaves N
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Figure 33: Evolution of (a) the reference evapotranspiration calculated at the North mast, the insolation ratio
calculated above the street, the rainfall measured at the Météo-France meteorological station and (b) the average
vapor pressure deficit (VPD) calculated at the north mast at 2 m a.g.l. and the daily minimum, mean and maximum
air temperature measured by Météo-France during July and August 2022.

In order to analyze the effect of heatwaves and especially high temperatures on the
different studied variables, each day of July and August 2022 was associated to one of the 4
following categories depending on its daily maximum air temperature recorded at the Météo-
France weather station of Angers-Beaucouzé: Ta, max < 30 °C, Ta max € [30 °C; 35 °C [, T,
max € [35 °C ; 40 °C [, Ta max > 40 °C. These categories were then used to distinguish the
different days on the scatter plots investigating the eventual dependence between the monitored
variables.

3.2.2.5. Statistical analyses

Statistical analyses were performed using Python language version 3.9-64. The
assumptions used by the different statistical tests were checked using the following packages:
pingouin (for normality and sphericity), SciPy (for normality plot). The statistical tests were
performed using the following packages: SciPy (Student’s t-test). Linear regressions were
performed to evaluate the eventual dependence between couples of variables using the
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following packages: sklearn and statsmodels. Principal component analyses (PCA) were
performed using the PCA method of the sklearn package.

3.2.3. Results

3.2.3.1. Tree physiology

3.2.3.1.1. Effect of maximum air temperature on Tree
transpiration

Figure 25a presented in section 3.1.3.4 highlighted the strong reduction of the
transpiration of the WR trees starting from the beginning of the water restriction (from July 7%
to August 31%). It also suggested that the water restriction had an influence on the relation
between tree transpiration and ET . Figure 34 confirms that the transpiration of the WW trees
was much more sensitive to the variation of ET e than the one of the WR trees which appeared
to be limited by the lack of water. Indeed, the slope of the linear regression was much higher
for the WW trees (0.42) than the one of the WR trees (0.14). The ET e variations therefore
could not explain the variability of the transpiration of the WR trees. However, it also appeared
that ETrer was not the only variable driving the WW tree transpiration as the linear relation
between both variables was not very strong (R2 equals 0.41 for the WW trees).

The hottest days of the 2-month studied period were associated with high ETef, which
was expected as ETrr, among others, depends on air temperature. For a given ETpr, the
transpiration of the WW trees appeared to be generally slightly higher during the hottest days
but this was mainly observed for days with ETr greater than 3.5 mm.day™. Indeed, for ET ef
around 3 mm.day, the highest transpiration rates were observed for all the T,, max categories.
Considering the WR trees, the hottest days did not appear to induce higher transpiration rates.
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Figure 34: Average daily transpiration calculated in both vegetated zones as a function of the daily reference
evapotranspiration measured at 2 m a.g.l. at the north mast from July 71" (2" day of the water restriction) to August
31,

3.2.31.2. Trunk diameter variations

The evolution of the trunk diameter was monitored over a large period from the end of
April until mid-september 2022. Thanks to this long monitoring, it can easily be noticed that
all trees were experiencing continuous radial growth from the start of the monitoring (end of
April) until the beginning of July, although a small variability may exist for the growth rate
between the different trees (Figure 35). From the beginning of the water restriction, the radial
growth of the WR trees was stopped and the diameter of their trunk remained almost constant
until mid-September. The stomatal closure highlighted in Figure 25 may therefore have strongly
reduced the photosynthetic activity thus limiting the formation of new biomass. At the same
time, it was highlighted in Table 3 that the crown projected area of the WR trees remained
almost constant (slight decrease from 1.1 to 1.0 m2.tree™®) all over summer which suggested that
the water restriction might also have stopped the elongation process of the WR trees’ stems.

Around mid-July, a slight decrease of the stem diameter of the WR trees was noticed
and could be linked to the very hot and an intense heatwave of July 17" and 18" (Figure 33).
This heatwave which was characterized by a high evaporative demand (high ETrf, VPD and
insolation ratio), thereby appeared to lead to a partial drying of the tissues of the WR trees. This
heatwave may have required an extremely high transpiration rate which could not be supplied
by the low soil VWC and part of the water contained in the WR trees’ tissues may have been
used for transpiration although the stomatal conductance of the WR trees remained low all over
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summer. The real tree transpiration may then be slightly higher than the one calculated with the
proposed water balance applied to the soil compartment. Such hypotheses could however not
be verified as they would need to measure tree transpiration with other methods for instance
enabling to quantify the real amount of water vapor spread out of the leaves.

The water restriction also seemed to induce a slight general increase of Damp of the WR
trees. Figure 36 illustrates the variability of DAmp measured for one WW tree and one WR tree
before and after the water restriction start. DAmp was on average very close for the WW and
the WR tree before the water restriction although a slightly higher variability was observed for
the WW tree. The effect of the water restriction on DAmp is clearly noticeable for the WR trees
as it led to an increase of both the average DAmp (from 240 to 375 um) and its standard
deviation (88 to 127 um).

— WW trees

=
S
|

— WR trees Water
restriction
start

= =
e (®)} o o N
| | | | |

Trunk diameter variation (mm)

N
|

0 ' T T T T
Apr May Jun Jul Aug Sep

Figure 35: Net evolution of the trunk diameters of each studied tree over the year 2022 adapted from Canonne et
al. (2023).
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Figure 36: Boxplot of the daily amplitude of the trunk diameter variations recorded for one WW tree and one WR
tree before the water restriction (from May 1%t to July 6™) and after the water restriction (from July 7 to September
14t),

The sources of variability of DAmp were investigated in Figure 37 and Figure 38 which
respectively present the evolution of DAmp as a function of the daily tree transpiration, the
daily ETrer and the daily Ta max during the water restriction period (from July 7" to August
31%Y). The DAmp pattern of the WW trees was close to the one of their transpiration (R2 = 0.55),
especially when transpiration was lower than 3 L.tree™*.day. When the WW trees transpiration
exceeded 3 L.treet.day?, a higher variability of DAmp, which appeared to be driven by the
daily Ta max, was reported. Similar observations were reported when comparing the evolution
of DAmp and ET e for the WW trees (Figure 38). Then, extreme T, appeared to have led to
extreme DAmp (Figure 37) but not to remarkably high transpiration rate (Figure 34) for the
WW trees. During the very warm days, higher DAmp may then indicate that part of the water
contained in the WW trees’ tissues could have been transpired in addition to the water retrieved
from the soil. The real tree transpiration may then be slightly higher than the one calculated
with the proposed water balance applied to the soil compartment as already explained earlier.

The WR trees showed a very contrasted behavior during the water restriction period.
The variability of their DAmp was higher than the one of the WW trees as shown previously in
Figure 36 even though their transpiration remained lower than 1.1 L.treet.day? during the
entire water restriction period. Indeed, low daily transpiration rates were calculated for the WR
trees even with high DAmp. ETrer was not either useful to explain the variability of DAmp for
the WR trees as the relation between both variables was very weak (R2=0.12). Although DAmMp
is supposed to be related to the water fluxes inside the stems and thus to tree transpiration for
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WW trees, it appears that it cannot be used as a reliable predictor of tree transpiration for WR
trees.

Finally, no noticeable impact of daily Ta max could be reported for the WR trees as
similar DAmp values could be recorded for days with very contrasted air temperatures. DAmp

of approximately 575 um were for instance recorded during multiple days belonging to all 4
Ta, max Categories.
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Figure 37: Daily amplitude of the trunk diameter variations (DAmp) of one WW tree and one WR tree as a function

of their transpiration and the daily maximum air temperature (T4, max) for one WW tree and one WR tree from
July 7™ to August 31,
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Figure 38 : Daily amplitude of the trunk diameter variations (DAmp) of one WW tree and one WR tree as a
function of the reference evapotranspiration (ETer) and daily maximum air temperature (Ta, max) for one WW tree
and one WR tree from July 7" to August 31

3.2.3.1.3. Leaf temperature

The average Tiear Was Vvery close in both studied trees at night and appeared to be on
average lower by 1.3 °C and 1 °C compared to Ta respectively in the WW and WR tree before
08:00 UTC and after 17:00 UTC on July 4™ (Figure 39). During the day, when exposed to
sunlight, a noticeable overheating of Tiesr Was observed in both trees compared to T even before
the water restriction. On July 4™, Tiear Was up to 5.7 °C higher and 4.9 °C higher respectively in
the WW and the WR tree compared to Ta.. However, the standard deviation drawn around T jeaf
at each time step illustrates the very strong variability of Tiear among the 5 selected leaves of
each studied tree. This variability is only visible during the day and is almost null at night which
highlights the strong effect of direct exposure to sunlight on the overheating of the leaves. On
July 4™, the difference of Tiear between both trees was up to 4 °C at 16:20 UTC and on average
0.4 °C from 08:00 UTC to 17:00 UTC, which was not significant according to a Student’s t-test.

On July 23" (i.e. 18" day of the water restriction), Tiear Was very close in both trees in
the morning (average difference was 0.2 °C from 08:00 to 13:00 UTC). In the afternoon, T eaf
was on average higher by 3.6 °C in the WR tree compared to the WW tree. The difference
reached 9.1 °C at 14:30 UTC. The average daytime difference (1.7 °C from 08:00 to 17:00

UTC) was however not considered significant according to a Student’s t-test.
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On August 20" (i.e. 46" day of the water restriction), Tiear Was on average higher during
the whole daytime in the WR tree compared to the WW tree by up to 6.1 °C at 11:30 UTC and
on average by 3.2 °C from 08:00 to 17:00 UTC. This average difference appeared to be
statistically significant according to a Student’s t-test considering the significance level of 5 %.
Asslight increase of leaf surface temperature was reported for the WR trees over summer (Figure
39). Such observation appears to be very consistent with the reduction stomatal conductance
and tree transpiration previously highlighted, a lower transpiration inducing a lower amount of
energy dissipated by the leaves through latent heat flux. Also, it should be considered that as
the LAI of the WW trees kept increasing during the studied period (Table 3), the leaves
equipped with the thermocouples in this zone may have been progressively less exposed to the
sun throughout summer. At the same time, the decreasing LAI of the WR trees (Table 3) may
have induced a progressively higher solar exposure of the leaves equipped with the
thermocouples in the WR zone which may also have impacted the leaf surface temperature
measurements presented in Figure 39.
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Figure 39: Evolution of the air temperature measured at 1.5 m a.g.l. in the NV zone and the average leaf
temperature and the associated standard deviation (n=5 leaves) measured on the central tree of each vegetated zone
over the three studied days.

3.2.3.2. Street microclimate

3.2.3.2.1 Wall surface temperature
Only the temperature of the eastern wall is presented because sensor dysfunction did not
enable to exploit the measurements of the western wall temperature (Figure 40). On July 4%
the surface temperature of the eastern wall was very close in both vegetated zones all day long
although slight temporarily differences can be observed in the afternoon (around 16:00 UTC).
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The eastern wall is mainly exposed to the sun during the afternoon and due to the heterogeneity
of the tree crowns, it is likely that the wall temperature sensors of the WW zone and WR zone
may be unequally shaded at some moments of the day. Yet, the eastern wall was up to 6.9 °C
lower in the WW zone and 8 °C lower in the WR zone compared to the NV zone at 16:30 UTC.
The shadows cast by the trees in both zones thus play an important role in keeping the surface
temperature lower than 30 °C while the surface temperature in the NV zone almost reached
35 °C during that day. Such results were found to be consistent with the wide range of surface
temperature reduction reported in the shade of the trees (from 9 °C to 20 °C according to
Armson et al. (2012), Armson and Ennos (2013) and Kotzen (2003)) which however strongly
depends on the materials of the considered surfaces.

On July 23 and August 20", the eastern wall’s surface temperature remained very
close in both vegetated zones during the night and in the morning. However, an increasing
difference can be observed between both vegetated zones in the afternoon. In the WR zone, the
surface temperature reached 30 °C on July 23 and August 20" and was respectively up to
3.9 °C and 4.7 °C higher compared with the WW zone. Thereby, the reduction of the total leaf
area and LAI reported previously in Table 3 which decreased the amount of radiation
intercepted by the WR trees (Figure 26) seemed to decrease their ability to cast shadows on the
eastern wall of the street, leading to a noticeable overheating of this wall in the WR zone of the
street. Yet, the increasing leaf area of the WW trees (Table 3) may also have increased the
portion of the eastern wall shaded by their foliage which may have increased their effect on the
eastern wall temperature throughout summer.

—— NV zone — WW zone —— WR zone

East Wall surface
temperature (°C)
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Figure 40: Evolution of the outdoor surface temperature of the eastern wall at 1 m a.g.l. in the three zones of the
street during the three typical sunny days.
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3.2.3.2.2. Radiation balance

Figure 41 presents the evolution of the SW and LW radiation fluxes inside the street at
different positions during the three typical sunny days. Close meteorological conditions were
reported during these three days as explained in section 3.2.2.3 which is why they were
characterized by close amounts of |SW reaching the street (more than 800 W.m recorded
around solar noon during the three days) although the maximum radiation flux is decreasing
over time with the evolution of the position of the sun in the sky over the year (Figure 41a).
The influence of the walls of the street is easily visible as the | SW measured at 0.65 m a.g.l. in
the NV zone is marked by a very strong increase around 09:00 UTC and a very strong decrease
around 15:00 UTC which correspond to the sensor being shaded by the walls or directly
exposed to the sun. The amount of | SW measured under the tree crowns is very low especially
around solar noon in both vegetated zones, which highlights the important amount of radiation
intercepted by the trees. The heterogeneities of the foliage might lead to temporarily direct solar
exposure of the sensors which may explain the temporarily strong increases of the radiation
measured under the tree crowns. Table 6 highlights the |[SW fluxes measured at different
positions inside the street as well as the ratio of radiation intercepted by the tree crowns. The
radiation interception provided by the WR trees progressively decreases. It remains however
quite high (greater than 91 % on August 20" at 12:00 UTC while WW trees intercepted at the
same time 95 % of |SW). This is obviously very consistent with the results presented
hereinabove in section 3.1.3.5.

The amount of 1SW radiation measured at 2 m a.g.l. is much higher than the one
measured at 0.78 m a.g.l. in both vegetated zones (Figure 41b). At 2 m a.g.l., the down-facing
pyranometer receives radiation reflected by the tree leaves and the white painted walls which
are widely exposed to sunlight. At 0.78 m a.qg.l., the down-facing pyranometer is only exposed
to radiation reflected on the ground and the lower parts of the walls which are both mainly
shaded by the tree crowns. There was no difference between the two vegetated zones for the
TSW radiation fluxes at both 2 m and 0.78 m a.g.l. during the three studied days.

At2ma.g.l, the |LW are mainly caused by the LW radiation emitted by the atmosphere
and the objects surrounding the studied canyon street. At 0.78 m a.g.l.,, the up-facing
pyrgeometer received | LW mainly emitted by the tree foliage and to a lesser extent by the walls
of the street. The resulting | LW radiation measured at 0.78 m a.g.l. is then higher than the one
measured at 2 m a.g.l. (Figure 41c). The |LW radiation fluxes measured above and under the
tree crowns were very similar in both vegetated zones during the three typical sunny days. No
noticeable increase of the | LW measured at 0.78 m a.g.l. was noticed for the WR trees although
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such an increase could have been expected as the leaf temperature slightly increased over the
water restriction period as reported earlier in section 3.2.3.1.3 (Figure 39).

At 0.78 m a.g.l., the down-facing pyrgeometer receives TLW mainly emitted by the
ground of the street and to a lesser extent by the lower part of the walls of the street. At 2 m
a.g.l., the TLW are mainly caused by the LW radiation emitted by the tree foliage and the upper
part of the walls of the street. The amount of 1LW radiation measured at 0.78 ma.g.l. and 2 m
a.g.l. were very close for both vegetated zones during the three typical sunny days. At 0.78 m
a.g.l., the TLW radiation fluxes appeared to be slightly higher in the WR zone compared to the
WW zone. The WR zone is located right next to the NV zone which, when exposed to the sun,
is characterized by high surface temperatures. Thus, the warm surfaces of the NV zone might
emit more LW radiation and part of it is likely to reach the down-facing pyrgeometer of the
WR zone but not the one of the WW zone which is located further north. No noticeable increase
of the TLW at both 0.78 m and 2 m a.g.l. in the WR zone was found over summer although
such an increase could have been expected, especially at 2 m a.g.l. as the leaf temperature and
the eastern wall temperature slightly increased over the water restriction period as reported
earlier in section 3.2.3.1.3 (Figure 39) and 3.2.3.2.1 (Figure 40).

Thereby, the effect of the water restriction was mainly noticeable on the |SW fluxes
and the effect on the other components of the radiation balance appeared to be either null or
lower than the accuracy of the sensors (Table 2).
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Figure 41: Downward () and upward (1) short (SW) and long (LW) wavelength radiation measured above (2.1
m a.g.l.) and under the tree crowns (0.78 m a.g.l. in the WW and WR zones and 0.65 m a.g.l. in the NV zone) in
the different zones of the street (only |SW radiation for NV zone).

Table 6: Amount of | SW radiation measured at different positions in the street and % of | SW radiation intercepted
by the tree crowns at 12:00 UTC for the three studied days.

Variable Zone July 4t July 231 August 20
LSW radiation NV zone (2 m) 956 906 878
at 12:00 UTC WW zone (0.78 m) 59 48 41
(W.m?) WR zone (0.78 m) 67 73 79
% of |[SW

- WW zone (0.78 m) 94 95 95
radiation
intercepted at
12:00 UTC WR zone (0.78 m) 93 92 91
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3.2.3.2.3. Spatial distribution of air absolute humidity
Figure 42 displays the evolution of the air AH calculated at different positions inside
the street during the 3 typical sunny days and summarizes the average AH differences calculated
between both zones during a night-time period and a daytime period. For an easier visualization
of the evolution of the air AH difference between both vegetated zones, the reader may also
refer to Figure 91 presented in appendix 7.1.2.1.

Inside the tree crowns (i.e. at 1 mand 1.5 ma.g.l.), the AH difference calculated between
both zones was very low on July 4" all day long. On July 23" and August 20", this difference
remained very low at night (lower than 1 %) but the AH was noticeably higher in the WW zone
during the day. Indeed, at 1.5 m a.g.l., the daytime average AH difference was null on July 4%,
while the AH in the WR zone was on average 7 % lower on July 23" and 6.2 % lower on August
20" than the one in the WW zone. Similar observations were made at 1 m a.g.l. (Table 7).
During the water restriction period, the strong decrease of the transpiration of the WR trees
highlighted in Figure 25 may then have reduced the amount of water vapor spread out into the
atmosphere by these trees, thereby impacting AH.

The fact that the AH difference between both zones during the water restriction was
only visible during daytime, could suggest that transpiration was probably mainly occurring
during daytime. Although a few studies reported non-null night-time transpiration for multiple
tree species (Fisher et al., 2007; Chen et al., 2011), the night-time transpiration of the trees
studied in the RSCS could then be too low to be noticeable through AH measurement. As a
reminder, the water balance used in the present experiment to estimate the transpiration of the
WW trees was based on the hypothesis that their nocturnal transpiration was null. Thereby, the
eventual error induced by this water balance should be limited.

Under the tree crowns (i.e. at 0.4 m a.g.l.) both on the central north-south axis of the
street and close to the eastern wall, some preexisting differences were measured between both
vegetated zones. They may have been partly induced by pre-existing offsets between sensors
highlighted in appendix 7.1.3. The pre-existing difference was quite constant all day long for
the sensors on the north-south central axis (Figure 42c) while it was mainly observed at night
for the sensors close to the eastern wall (Figure 42d). The water restriction did not have any
noticeable impact on the daily variation of air AH at both 0.4 m a.g.l. locations in the WR zone.
Such result tends to suggest that the reduction of the WR transpiration is not noticeable at 0.4 m
a.g.l. and by that means that the effect of tree transpiration on the microclimate is mainly visible
close to the tree crowns.
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Figure 42: Evolution of the air absolute humidity measured at 4 different positions for the 3 typical sunny days.
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Table 7: Average absolute humidity difference (WR zone - WW zone) in % during night-time (from 19:00 to 05:00
UTC) and daytime (from 07:00 to 17:00 UTC) during the three typical sunny days.

Location (m a.g.l.) Time July 4t July 23 August 20™"

1.5 center Night 0.8 1 0.3
Day 0 -7 -6.2

1 center Night -0.4 -0.5 -1
Day 1.9 -4.1 -3.9

0.4 center Night 6 7 5.8
Day 6 5.3 4.6

0.4 east Night 4.1 5.7 3.9
Day 1.6 2.1 0.3

3.2.3.24. Spatial distribution of air temperature

Figure 43 displays the evolution of the T. measured at different positions inside the
street during the 3 typical sunny days and Table 8 summarizes the average Ta difference
calculated between both zones during a night-time period and a daytime period. For an easier
visualization of the evolution of the air Ta difference between both vegetated zones, the reader
may also refer to Figure 92 presented in appendix 7.1.2.2.

Inside the tree crowns (i.e. at 1 mand 1.5 ma.g.l.), the T, difference calculated between
both zones was very low on July 4" all day long. On July 23" and August 20™, this difference
remained very low at night (lower than +£0.4 °C) but the T. was noticeably increased in the WR
zone during the day, in particular at 1.5 m a.g.l. where it reached 1.7 °C on July 23" and 1.5 °C
on August 20™.

Under the tree crowns (i.e. at 0.4 m a.g.l.) preexisting differences were measured
between both vegetated zones on both the central north-south axis of the street and close to the
eastern wall. They may have been partly induced by pre-existing offsets between sensors
highlighted in appendix 7.1.3. The pre-existing difference is quite constant all over the day for
the sensors on the north-south central axis (Figure 43c) while it is much higher during daytime
than during night-time for the sensors close to the eastern wall (Figure 43d). The water
restriction did not have any noticeable impact on the daily variation of T, at both 0.4 m a.g.l.
locations in the WR zone as the evolution of the average difference remained low regarding the
measurement accuracy of the Ta sensors (£0.2 °C).

Such results were consistent with those reported in the previous section regarding AH.
During the water restriction period, the strong decrease of the transpiration of the WR trees
highlighted in Figure 25 reduced the amount of energy dissipated by the evaporation of
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transpired water which led to an increase of Ta in the WR zone. However, this effect was only
noticed inside the tree crowns (1 m a.g.l. and 1.5 m a.g.l.) which suggests that the effect of tree
transpiration on the microclimate is mainly noticeable close to the tree crowns but not at the
equivalent human height (0.4 m a.g.l.).
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Figure 43: Evolution of the air temperature measured at 4 different positions for the 3 typical sunny days.
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Table 8: Air temperature difference (WR zone - WW zone) in °C during night-time (from 19:00 to 05:00 UTC)
and daytime (from 07:00 to 17:00 UTC) during the three typical sunny days.

Location (m a.g.l.) Time July 4t July 23 August 20™"
1.5 center Night 0.3 0.4 0
Day 0.1 1.7 1.5
1 center Night -0.1 -0.3 -0.3
Day 0.1 1 0.6
0.4 center Night 0.9 0.9 0.9
Day 0.9 1.1 1.1
0.4 east Night 0.9 0.8 0.7
Day 1.7 1.9 1.5
3.2.3.2.5. Spatial distribution of mean radiant temperature

Figure 44 displays the evolution of the Tmr calculated at different positions inside the
street during the 3 typical sunny days and Table 9 summarizes the average Tmr difference
calculated between both zones during a night-time period and a daytime period. For an easier
visualization of the evolution of the Tmr difference between both vegetated zones, the reader
may also refer to Figure 93 presented in appendix 7.1.2.3.

This indicator is very sensitive to direct solar radiation as it depends on Ty. Indeed, the
Tmrt measured in the NV zone on the central axis of the street quickly increased above 50 °C
starting from 10:00 UTC while the globe thermometer was leaving the shadow of the eastern
wall and was getting exposed directly to the sun. Conversely, a quick decrease was observed
starting from 14:00 UTC as the shadow of the western wall reached the globe (Figure 44a).
Similar observations were reported close to the eastern wall except that the highest Tt values
were recorded later in the afternoon according to the direct exposure to sunlight of this location
(Figure 44b). In both vegetated zones, the Tm remained most of the day below 40 °C which is
much lower than the one measured in the NV zone. Thereby, the effect of the tree crowns is
clearly visible at the equivalent human height (0.4 m a.g.l.) both on the central axis of the street
and close to the eastern wall which highlights the spatial extent of the shadow cast by the trees.

On July 4™, T was similar in both vegetated zones all day long except on a few short
time periods due to the spatial heterogeneity of the crowns, as mentioned previously. During
the water restriction period, the mean radiant temperature tended to increase in the WR zone
while that of the WW zone remained at comparable level as before the water restriction. The
highest Tt differences between both zones were observed approximately from 10:00 to 14:00
UTC and from 12:00 to 16:00 UTC respectively on the central axis of the street and close to
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the eastern wall, which corresponds to periods with direct solar exposure of the sensors.
Thereby, the reduction of the total leaf area and LAI reported previously in Table 3 which
decreased the amount of radiation intercepted by the WR trees (Figure 26 and Figure 41)
seemed to partly decrease their ability to cast shadows at the equivalent human height (0.4 m
a.g.l.) leading to a noticeable increase of Tmr as Tmrt highly depends on T4 which is highly
impacted by SW.
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Figure 44: Evolution of the mean radiant temperature calculated at 2 different positions for the 3 typical sunny
days.

Table 9: Mean radiant temperature difference (WR zone - WW zone) in °C during night-time (from 19:00 to 05:00
UTC) and daytime (from 07:00 to 17:00 UTC) during the three typical sunny days.

Location (m a.g.l.) Time July 4t July 23 August 20"

0.4 center Night 0.4 0.1 -0.1
Day 0 1.1 25

0.4 east Night -0.2 -0.2 -0.5
Day 1.2 2.4 3.9
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3.2.3.2.6. Spatial distribution of UTCI
Figure 45 displays the evolution of the UTCI calculated at different positions inside the
street during the 3 typical sunny days and Table 10 summarizes the average UTCI difference
calculated between both zones during a night-time period and a daytime period. For an easier
visualization of the evolution of the UTCI difference between both vegetated zones, the reader
may also refer to Figure 94 presented in appendix 7.1.2.4.

Tmre 1S involved in the calculation of UTCI which means that UTCI is also highly
influenced by T4 and therefore direct solar radiation. Thereby, strong temporary UTCI increase
and decrease could be noticed during daytime and were attributed to temporary direct exposure
of the globe thermometers to sunlight caused by the heterogeneity of the foliage in both
vegetated zones. The evolution of the UTCI at a given location is also quite similar to the
evolution of the mean radiant temperature at the same location. During the day, the UTCI
calculated in the central axis of the street in the NV zone exceeded 32 °C and reached the high
heat stress category from the moment the globe thermometer was directly exposed to sunlight
(approximately from 10:00 to 14:00 UTC). In this zone, UTCI was higher than 32 °C during
3.5 hours on average on July 4™, July 23" and August 20". The influence of the shadows cast
by both buildings is clearly noticeable in the morning and afternoon. Around noon, both
vegetated zones play an important role in UTCI reduction at human’s height, the UTCI
remaining almost always below 32 °C (i.e. in the moderate heat stress zone) during the three
typical sunny days except during 10 minutes in the WW zone on August 20™.

On July 4™, the UTCI calculated at human height already appeared to be higher in the
WR zone all day long compared to the WW zone (Table 10). This was attributed to the pre-
existing difference of T, already mentioned earlier and highlighted in appendix 7.1.3.

The UTCI calculated in the WR zone remained close at night to the one calculated in
the WW zone all over the water restriction period. However, a progressive increase of the UTCI
difference between both zones was observed during daytime, especially during the period of
direct solar exposure. During daytime, UTCI was then on average 0.6 °C higher, 1.1 °C higher
and 1.4 °C higher under the WR trees on the central axis of the street compared to the WW
zone respectively on July 4™, July 23 and August 20" (Table 10). Still, the WR trees kept
providing efficient human thermal stress reduction at 0.4 m a.g.l. on the central axis of the street
where UTCI remained in the moderate heat stress zone (Figure 45).

The UTCI increase under the WR trees observed along summer recalls the Tt increase
reported in the previous section (Figure 44) under the WR trees on the same period. Moreover,
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it was highlighted with Figure 43 that the effect of water restriction was not noticeable at 0.4 m
a.g.l. or lower than the sensors accuracy meaning that the reduction of the WR trees
transpiration was not noticeable at this height. Such observations thereby tend to suggest that
the UTCI increase under the WR trees was mainly caused by the reduction of radiation
interception while the reduction of transpiration did not appear to impact human thermal stress

at0.4ma.g.l
—— NV zone — WW zone —— WR zone
40 40 40 (a)
Centre
0.4 m
O 30+ 30+ 30+ a.g.l.
O
5 20 20- 20-
10 T T T T T 10 T T T T T 10 T T T T T
00 04 08 12 16 20 00 04 08 12 16 20 00 04 08 12 16 20
40 40 40 (b)
East
0.4 m
O 301 301 30+ a.g.l.
]
5 20 20 20
10 T T T T T 10 T T T T T 10 T T T T T
00 04 08 12 16 20 00 04 08 12 16 20 00 04 08 12 16 20
July 4 Time UTC July 23 Time UTC August 20 Time UTC
Day -2 Day 18 Day 46

Figure 45: Evolution of the UTCI calculated at 2 different positions for the 3 studied days regarding the different
thermal stress categories: no thermal stress (9 to 26 °C UTCI, green), moderate heat stress (26 to 32 °C UTCI,
yellow), high heat stress (32 to 38 °C UTCI, orange), very high heat stress (38 to 46 °C UTCI, red) and extreme
heat stress (>46 °C UTCI, not shown).

Table 10: UTCI difference (WR zone - WW zone) in °C during night-time (from 19:00 to 05:00 UTC) and daytime
(from 07:00 to 17:00 UTC) during the three typical sunny days.

Location (m a.g.l.) Time July 4t July 231 August 20

0.4 center Night 0.7 0.6 0.5
Day 0.6 11 1.4

0.4 east Night 0.5 05 0.3
Day 1.3 1.8 1.9
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3.2.3.3. Variability of the climatic benefits over time

In order to investigate the daily variability of the climatic benefits, the UTCI differences
calculated between each vegetated zone and the NV zone at 0.4 m a.g.l. in the center of the
street were averaged daily from 10:00 to 14:00. Then a PCA analysis was run in order to
evaluate the relationship that may exist between such UTCI differences and the daily reference
meteorological variables measured at the Météo-France meteorological station (Figure 46). The
UTCI difference appeared to be highly linked to the daily integral of the downward global
radiation in both vegetated zones but no strong relation was highlighted with the other
meteorological variables.
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Figure 46: Correlation circle of the daily UTCI reduction calculated in each vegetated zone at 0.4 m a.g.l. in the
center of the street from 10:00 to 14:00 UTC compared to the NV zone (green and red arrows) and the daily
meteorological variables measured at the Météo-France meteorological station (black arrows) from July 1% to
August 31%. RR = rainfall, TN, TM and TX = minimum, mean and maximum air temperature, VPD = vapor
pressure deficit, ETPMON = reference evapotranspiration (Penman-Monteith method), GLOT = integral of
incoming global radiation, FFM = mean wind speed.

To illustrate this strong relation, both variables were graphed in the form of a scatter
plot in Figure 47. Over the studied period, very contrasted human thermal stress reductions
were measured in both zones as the UTCI differences ranged from approximately 0 to -8 °C. A
strong linear relationship was noticed between the UTCI difference and GLOT in both zones
(R2 =0.71 in the WW zone and Rz = 0.88 in the WR zone) meaning that GLOT explained an
important part of the variability of the UTCI difference. The highest UTCI reductions (the most
negative differences) were then measured during the sunniest days of the studied period.

Such results were very consistent with the previous findings of Herpin et al. (2022) who
also reported a strong correlation between GLOT and UTCI reduction in the present RSCS at
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0.4 m a.g.l. under well-watered trees (R? = 0.75). The strong influence of radiation interception
on the human thermal stress reduction provided by the trees is therefore highlighted and recalls
the results of section 3.1.3.6 highlighting a stronger contribution of radiation interception than
transpiration to the climatic benefits. They also recall the results presented in sections 3.2.3.2.3
to 3.2.3.2.6 which suggest that at human height, human thermal stress seems to be much more
sensitive to radiation interception than tree transpiration. Moreover, the present results extend
those of Herpin et al. (2022) highlighting that a strong correlation still exists between GLOT
and UTCI reduction provided by WR trees meaning that radiation interception was still
important and efficient in the WR zone.
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Figure 47: Average daily UTCI difference calculated in both vegetated zones at 0.4 m a.g.l. in the center of the
street from 10:00 to 14:00 UTC compared to the NV zone as a function of the daily reference evapotranspiration
measured at 2 m a.g.l. at the north mast from July 7™ (2nd day of the water restriction) to August 31,

Finally, it appears the daily UTCI reduction under the tree crowns was not related to the
daily maximum air temperature (Figure 46) and that both the WW and WR trees provided
strong UTCI reduction under the tree crowns even during the heatwaves (Figure 47).
Considering the strong dependence of UTCI reduction on radiation interception highlighted
hereinabove, such results suggest that the tree foliage and the resulting radiation interception
were probably unaffected by the heatwaves in both vegetated zones.
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Chapter

4. Quantification of the summer
climatic benefits provided by mature
street trees from 9 different species in 5
sites in Paris

The “Trees and Climate” (T&C) study was initiated in 2018 by the green spaces
department of the city of Paris in order to provide keys to answer the two following questions:

» Are mature street trees able to provide efficient cooling benefits when exposed to
severe climatic events such as heatwaves and droughts?

» What important criteria should be considered when selecting trees to plant in cities
regarding both the resistance to extreme climatic events and the climatic benefits
they provide?

The T&C study was launched through a public contract involving the green spaces
department of the city of Paris and a group of private firms responsible for the design, the setting
up and the maintenance of the experimental facility as well as the analysis of the acquired data
(Hydrasol and Ecosustain for the selection of the studied sites and species, sensors installation
and data collection of all sensors except soil water potential sensors; Urbasense for soil water
potential sensors installation and data collection; Geosat for the LIDAR scanning campaign and
the calculation of the morphological variables). Although first analyses were provided by the
group of private enterprises, the entire data set could not be analyzed in the frame of this public
contract. The present PhD project was therefore meant to deepen the analysis of the complete
data set of the T&C study. The T&C study relies on the long-term monitoring of various
variables along the soil-tree-atmosphere continuum of 36 mature street trees from 9 different
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tree species growing in 5 Parisian streets with a short time step (1 hour) from 2019 to 2022.
This experimental facility was designed to fulfil the following objectives:

» Quantify the cooling potential of mature Parisian street trees in real urban
conditions.

» Assess the resistance to heatwaves and droughts of Parisian street trees.

> Investigate the potential physiological, hydric and energetic behavior differences
between species.

» Investigate the potential differences between trees of the same species located in
different sites.

> ldentify the factors (characteristics of the trees and species) that may influence the
climatic benefits provided by street trees.

The present chapter will first describe the experimental facility and the methods used to
exploit the acquired variables and will then present the results of the T&C study.

4.1. Materials and methods

41.1. Materials

4.1.1.1. Selection of the tree species

The green spaces department of the city of Paris manages approximately 500,000 trees located
in the public spaces among which approximately 100,000 are alignment trees located in streets
(APUR, 2023a; Ville de Paris, 2024b). In order to facilitate their management, the green spaces
department of the city of Paris created in 2001 a database referencing all the trees located in the
public space and managed by the municipality services. In this database, information about the
tree species, the plantation date, the trunk circumference, the total height and the phytosanitary
status can be found for each tree. A yearly quick diagnosis is carried out for each tree to spot
potential dead woods and diseases. Then, a more detailed inspection is carried out for each tree
at least once every 5 years and the database is updated accordingly. The trunk circumference is
measured at 1.3 m a.g.l. by means of a tape measure, the height of the tree is visually estimated
and the eventual tree damages are assessed on the basis of multiple criteria. The sanitary status
of the trees is evaluated in order to detect potential sick trees which are then very likely to be
cut down.
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To select the tree species to be studied, an analysis of this database was first run in 2018 in
order to assess the tree species present in Paris regarding their representativeness in the Parisian
tree population and their ability to thrive in the Parisian urban environment. The latter was
assessed through the calculation of the average for each tree species of:

» The average growth rate over 30 years;
» The general and physiological status;
» The annual cutting down rate.

Tree species having a high growth rate, a good general and physiological status and
a low cutting down rate were then considered to be able to adapt to the Parisian environment
and were pre-selected for the T&C study. This pre-selection was discussed in 2019 with experts
from the scientific community as well as representatives of the green spaces department of
various municipalities in order to focus on tree species expected to show a good resistance to
extreme climatic events and provide interesting climatic benefits. Nine tree species (Figure 48),
representing 45.1 % (Table 11) of all the alignment trees present in Paris in 2022, were then
finally selected. The representativeness of the 9 species in the Parisian patrimony is quite
heterogeneous as it ranges from 0.1 % to 29.6 % of all the alignment trees in Paris respectively
for Zelkova serrata and Platanus x hispanica.

Celtis australis Gleditsia triacanthos Platanus x hispanica
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Quercus cerris Quercus ilex Sophora japonica

Ulmus resista

Figure 48: Picture of one studied tree for each of the 9 tree species selected in the Trees and Climate study.

Then, Table 12 summarizes a few characteristics of the studied tree species which have
been collected in the literature as well as from internal sources by the green spaces department
of the City of Paris in the form of a “Tree species guide”. In this guide, a grade concerning the
potential for local climate regulation has been attributed to each tree species based on its main
morphological characteristics and on its estimated transpiration rate. Each tree species was also
ranked regarding its theoretical resistance to both heat and drought on the basis of literature and
experts feedbacks (Ville de Paris, 2023).
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Table 11: Location of the studied tree species in the studied sites and representativeness in Paris.

Tree species

Nbr. of trees present in
alignment in Paris in 2022

% of all the alignment
trees in Paris in 2022

Nbr. of new trees planted in
alignment from 2020 to 2022

Studied sites

Flandre
Celtis australis 2978 2.8% 142

Temple
Gleditsia triacanthos 586 0.6 % 107 Ordener

Flandre
Platanus x hispanica 31378 29.6 % 1024 Temple

Victor
Quercus cerris 162 0.2% 37 Nohain
Quercus ilex 396 0.4 % 14 Temple
Sophora japonica 8566 8.1 % 207 Flandre
Tilia cordata 2262 2.1% 118 Flandre
Ulmus resista 1332 1.3% 131 Flandre
Zelkova serrata 137 0.1% 70 Victor
Total 47 797 451 % 1850 -
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Table 12: Main characteristics of the studied tree species based on the “Tree species guide” of the City of Paris (Ville de Paris, 2023).

Grade on
_ _ local climate
. Deciduous/  Mean height . . . Drought Heat
Tree species . Crown shape Leaf size Leaf density regulation . .
Evergreen (inm) . resistance resistance
for Paris (out
of 10)
Celtis . ) . .
. Deciduous 18 ovoidal Average Average 5 Very resistant ~ Very resistant
australis
Gleditsia . . .
. Deciduous 25 spread out Small Low 3 Very resistant ~ Very resistant
triacanthos
Platanus x . . . .
. . Deciduous 35 ovoidal Large Average 10 Very resistant  Very resistant
hispanica
Quercus . . . .
. Deciduous 25 ovoidal Average Average 7 Very resistant  Very resistant
cerris
Quercus ilex Evergreen 20 ovoidal Small Strong 4 Very resistant  Very resistant
Sophora . . . .
. . Deciduous 25 ovoidal Small Average 4 Very resistant  Very resistant
japonica
Tilia cordata Deciduous 25 ovoidal Average Strong 10 Not resistant Resistant
Ulmus resista Deciduous 14 conical Average Average 5 Not resistant ~ Not resistant
Zelkova . . .
‘ Deciduous 20 spread out Average Average 5 Resistant Resistant
serrata
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4.1.1.2. Selection of the studied sites

Multiple sites were considered in the frame of the T&C study, firstly because it was not
possible to find trees of all 9 selected species on the same site, and secondly because one
objective of the T&C study was to investigate the eventual differences between trees of the
same species located in different sites. The studied sites were meant to gather at least 3
alignment trees of one of the 9 selected tree species with a good phytosanitary status, planted
in individual tree pits on sidewalks or central walkways and not subject to forecasted building
works or roadworks during the duration of the T&C study. As a consequence, 5 sites enabling
to study 12 groups of 3 trees (1 group = 3 trees of the same species located on a same site), i.e.
36 trees in total, were then selected (Table 13, Figure 49). Two sites (NOHAIN and
ORDENER) only contained 3 trees of one species whereas the three other ones enabled to
compare multiple species on a same site (2 species for VICTOR, 3 species for TEMPLE and 5
species for FLANDRE). Only two species were studied on multiple sites: Celtis australis in
FLANDRE and TEMPLE, and Platanus x hispanica in FLANDRE, TEMPLE and VICTOR.

Table 13: Main characteristics of the 5 sites of the Trees & Climate study.

Street N° Abbreviation Tree species studied
Celtis australis
Platanus x hispanica

Avenue de Flandre n°® 38to 175 . i
. . FLANDRE Sophora japonica
Avenue Corentin Cariou n°7to 22 -
Tilia cordata
Ulmus resista
Rue Franc-Nohain n°5to 13 NOHAIN Quercus cerris
Rue Ordener n°5to9 ORDENER Gleditsia triacanthos
Celtis australis
Rue du Temple n° 158 to 205 . .
TEMPLE Platanus x hispanica
Rue de Bretagne n° 7 to 40 ..
Quercis ilex
Plat hi i
Boulevard Victor n°5 to 45 VICTOR atanus xnispanica

Zelkova serrata

The studied sites were quite heterogeneous in terms of orientation, aspect ratio and sky
view factor. Their ground was generally made of asphalt with varying tints of dark and the
facades of the surrounding buildings painted with varied colors.
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Figure 49: Location of the studied trees on the 5 selected sites in Paris and of the Météo-France meteorological
station Paris-Montsouris

FLANDRE is a very long avenue (approximately 1.5 km long) NE-SW oriented and
bordered by buildings on both sides (Figure 50). The width of the avenue varies from
approximately 40 m to 50 m. Close to the studied trees, the height of the surrounding buildings
can vary from approximately 11 m to 50 m which means that FLANDRE forms an urban canyon
with a varying aspect ratio. It is composed of successive monospecific alignments of trees and
therefore enables studying 5 tree species. Each studied tree was therefore surrounded by other
non-studied trees of the same species and the different studied trees may be located quite far
from each other, indeed, the distance between the southernmost studied tree and the
northernmost one reaches 1.3 km. From south to north, Tilia cordata, Sophora japonica, Celtis
australis, Ulmus resista and Platanus x hispanica were studied. The studied Tilia cordata,
Sophora japonica and Celtis australis were located on a central pathway vegetated with two
rows of trees and bordered by a roadway on both sides. They were located randomly in either
one row or the other of the central pathway. The studied Ulmus resista and Platanus x hispanica
were located either on the north-west or south-east sidewalks as there was no more central
pathway in the northern part of the avenue. The distance between the studied trees and the
surrounding buildings and between the studied trees and the other surrounding trees is therefore
highly variable. Three lamp posts aiming at collecting reference meteorological data were also
studied. The selected lamp posts were scattered along the avenue. CANDFlandrel and
CANDFlandre2, respectively located in the southern part and in the middle part of the avenue,
were located on the eastern sidewalk. CANDFlandre3, located in the northern part of the
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avenue, was located on the western sidewalk. All studied lamp posts and trees of FLANDRE
were therefore not located on the same longitudinal axis of the street.
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Figure 50: Location of the studied trees on FLANDRE. (a) global view, (b) Platanus x hispanica, (c) Ulmus resista,

(d) Celtis australis, (e) Sophora japonica, (f) Tilia cordata.
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NOHAIN is a small NNW-SSE oriented street (Figure 51). Only the northern part of
the street is bordered by buildings on both sides whereas the southern part is bordered by a
small urban park and a mineral open area which forms part of the playground of a school. This
street is composed of a central roadway bordered by two sidewalks where Quercus cerris are
planted, among which three trees were studied. The maximum distance between two studied
trees is approximately 50 m. The reference lamp post of this site (CANDNohain) was located
north of the studied street at the junction with a perpendicular street.
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Figure 51: Location of the studied trees on NOHAIN.

ORDENER is a small square (Place Louis Baillot) bordered on its northern side by rue
Ordener, a WNW-ESE oriented street and on its southern side by buildings (Figure 52). This
square is treed with multiple Gleditsia triacanthos among which three trees were studied. Two
of them were located right alongside rue Ordener while the third one was located in the southern
part of the square close to the buildings. The reference lamp post of this site (CANDOrdener)
was located approximately 70 m east from the closest studied square at the junction between
rue Ordener and a perpendicular street.
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Figure 52: Location of the studied trees on ORDENER.

TEMPLE is composed of two perpendicular narrow streets bordered by buildings on
both sides forming canyon streets very representative of European city centers (Figure 53). Rue
du Temple is NE-SW oriented and is on average 30 m wide and bordered by buildings on both
sides. Rue de Bretagne is NW-SE oriented, is on average 20 m wide and bordered by buildings
on both sides. Both streets are composed of a central roadway bordered by sidewalks on both
sides. The northernmost part of rue du Temple is treed with alignments of Platanus x hispanica
on both sidewalks among which three trees were studied and its southernmost part is only treed
with several Quercus ilex on the eastern sidewalk among which three trees were studied. The
easternmost part of rue de Bretagne is treed with alignments of Celtis australis located on both
sidewalks among which three trees were studied. The reference lamp post of this site
(CANDTemple) was located on the north-west sidewalk of rue du Temple very close to the
studied Platanus x hispanica. It was therefore approximately 150 m away from the three studied
Quercus ilex. No reference lamp post was equipped in rue de Bretagne which is perpendicular
to rue du Temple and has a contrasted orientation. CANDTemple is therefore located at
approximately 550 m (walking distance) from the closest Celtis australis.
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VICTOR is a long NW-SE oriented boulevard composed of a wide central roadway
(approximately 50 m wide) bordered by sidewalks on both sides, a few scattered small buildings
on its southern side and buildings on its northern side. The northern sidewalk is treed with two
rows of trees. The westernmost side of the boulevard is treed with Platanus x hispanica among
which three trees were studied and the easternmost part is treed with Zelkova serrata among
which three trees were studied. The reference lamp post of this site (CANDVictor) was located

on the southern sidewalk of the avenue in a wide open area
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Figure 54: Location of the studied trees on VICTOR.

4.1.1.3. Characteristics of the studied trees

The multiple characteristics of the 36 studied trees cited in the present section are
reported in Table 24 in appendix 7.2. The studied trees will be referred with the names indicated
in Table 24 (e.g. celtis_1, celtis_2 and celtis_3 for the three Celtis australis of FLANDRE).

The studied trees were meant to have a good phytosanitary status. According to the
information reported in the tree database of the green spaces department of the city of Paris,
most of them had a good phytosanitary status while one Sophora japonica (FLANDRE), the
three Ulmus resista (FLANDRE), two Quercus cerris (NOHAIN) and one Platanus x hispanica
(VICTOR) had a moderately deteriorated phytosanitary status.

The trees were also selected on the basis of their circumference at breast height
(measured at 1.3 m a.g.l. at the beginning of the study in May 2019) in order to ensure, if
possible, a homogeneous distribution of the trunk circumferences within the 3 trees of each
group. The date of plantation was found for 20 of the 36 studied trees in the tree database of the
green spaces department of the city of Paris and remained unknown for 16 studied trees. The
trunk circumference appeared to be slightly related to the time elapsed since planting but it
cannot be used as a good predictor of the tree age (Figure 55). For instance, two Gleditsia
triacanthos with equal trunk circumference were planted with a 7-year interval. Considering
the 36 studied trees, the circumference ranged from 0.53 m to 1.15 m and Figure 55 shows that
the circumferences of trees of the same species on a same site were generally close (see Ulmus
resista on FLANDRE, Gleditsia triacanthos on ORDENER and Celtis australis and Quercus
ilex on TEMPLE). The date of plantation could be used to estimate tree age knowing that in
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Paris the trees are generally planted at 8 to 10 years old (APUR, 2023b) but this information
could not be confirmed and was therefore not considered as reliable for all the studied trees.
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Figure 55: Distribution of the trunk circumference of the studied trees (n=20) measured in 2019 as a function of
the time elapsed between the tree planting and the start of the Trees & Climate study (2019).

All studied trees were planted in individual tree pits with unknown exact dimensions
but which are very likely to comply with the Parisian standards: 3 m long, 3 m wide and 1.5 m
deep. The bottom of the pits is generally composed of drainage materials and is unsealed from
the surrounding urban soil in order to prevent water accumulation and allow root exploration.
The sides of the pits may be made of tough materials preventing the tree roots from expanding
close to eventual nearby infrastructures such as water, gas or electricity networks. The top of
the pits is generally covered with asphalt but a 1.8 m diameter circular or 1.5 m edge square
open surface centered on the trunk of the tree generally remains unsealed and is sometimes
protected from stamping by a metal grid.

In Paris, newly planted trees are manually irrigated during three years following their
plantation in order to help them adapt to their new growing conditions. Then, they have to rely
on the water contained in the soil of their pits which mainly comes from rainfall. However, the
amount of rainwater entering the tree pits is very likely to vary according to the amount of water
running off to the open surface of the tree pits. The underground compartment remained
unfortunately unexplored and eventual underground sources of water (e.g. eventual leaks from
water networks or nearby low depth underground water) could not be spotted. Some trees may
also have benefited from other over ground water sources, for instance coming from the
cleaning of the streets carried out by the municipality services.
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The trees were supposed to remain untrimmed during the duration of the T&C study.
However, evidences of branch removal were spotted for sophora_1 (FLANDRE, one branch
removed), gcerris_1 (NOHAIN, trimming of the lower branches of the crown), qcerris_3
(NOHAIN, one branch removed) and zelkova_3 (VICTOR, trimming of the lower branches of
the crown). The exact date of the aforementioned trimming however remained unknown.

4.1.1.4. Continuous monitoring

4.1.1.4.1. Meteorological sensors

The assessment of the climatic benefits provided by the studied trees relied on the
measurement of 4 meteorological variables. Wind speed was measured with a cup anemometer.
Globe temperature (T4) was measured with a platinum probe enclosed inside a 15 cm diameter
black painted copper sphere. Air temperature (T.) and relative humidity (RH) were measured
using a TFA Dostmann® temperature and humidity transmitter mounted inside a naturally
ventilated screen made of white painted overlapping cups. Both T. and RH were used to
compute the absolute humidity (AH). The technical characteristics of these sensors are reported
in Table 14.

It has already been reported in the literature that the different existing designs of screens
used for T, and RH measurements can have contrasted efficiencies, some of them inducing
errors of the measured variables especially when exposed to direct sunlight (Lacombe et al.,
2011; Bernard et al., 2019). Given the importance of the T, and RH measurements in the present
study, the TFA Dostmann® screens were therefore compared to a reference Davis® screen
(model 7714) widely used in the literature and reputed for its high accuracy. The TFA
Dostmann® screens appeared to overheat when exposed to direct sunlight and to induce
important errors for T. and RH measurements. A correction of T, and RH measured inside the
TFA Dostmann® screens was then proposed on the basis of the T4 measurements which were
always performed close to the T, and RH sensors (equations (21) and (22)). This comparison is
presented in detail in appendix 7.2.8.

Tacorrected — TC’lI‘&C —0.108 * TgT&C + 1.593 (21)
RHeoTrected — RHTEC _ 0315 « TT&C — 4,633 (22)

The sensors were mounted inside the crown of each studied tree on two branches high
enough to avoid any deterioration during the entire duration of the study. The first branch was
equipped with the TFA Dostmann® thermo-hygrometer and the second one with the globe
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thermometer and the cup anemometer. As a consequence, the sensors were mounted at different
positions inside the tree crowns and especially at different heights a.g.l. In this way, the sensors
of the small trees were closer to the ground than those of the tall trees. The height of the sensors
was reported for each tree in Table 24 and it ranged from 3.5 m to 8.2 ma.g.l.

One lamp post was also equipped with the same aforementioned meteorological sensors
mounted at approximately 6.5 m a.g.l. in order to record reference measurements outside the
tree crowns. In FLANDRE, 3 lamp posts were equipped with the meteorological sensors due
to the long length of the avenue de Flandre.

In FLANDRE, the studied trees were equipped with the aforementioned sensors from
mid-May 2019 to mid-October 2022. In the four other sites, Ta and RH measurements were
performed, from mid-May 2019 and Ty, wind speed measurements from mid-July 2020 and all
sensors were unmounted in mid-October 2021.

The thermo-hygrometer and the globe thermometer were scanned every hour during one
minute (5 scans) and an average value was stored at an hourly time step by a data-logger. The
cup anemometer was scanned multiple times every hour and an hourly maximal and average
value was stored by a data-logger.

Figure 56: Pictures of the meteorological sensors mounted on two branches of one of the studied trees (left) and
on one reference lamp post (right).
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4.1.1.4.2. Soil sensors

Each tree was equipped with 3 Watermark® sensors aiming at measuring the soil water
potential (Wsoir) at approximately 0.25, 0.5 and 0.75 m depth. Two trees (platanus_1 and
platanus_9) could not be equipped as the soil of their pits was too dense and it was not possible
to insert the sensors. The Watermark® sensors are able to measure Wsoii ranging from 0
to -0.25 MPa. When the real Wsoil iS lower than -0.25 MPa, the value stored equals -0.25 MPa.
The Watermark® sensors were scanned three times a day at 06:00, 14:00 and 20:00 UTC and
a daily average value was stored for each sensor. The daily median of the values recorded by
the three sensors was finally calculated for each tree and considered in the following analyses.
Wsoit was monitored in all studied sites from January 2020 to December 2021 and also during
year 2022 for a few trees.

4.1.1.4.3. Branch diameter variation

The evolution of the diameter of one branch of each studied tree was monitored with a
microdendrometer (Figure 57) (Adam et al., n.d.). The microdendrometer was mounted on the
branch carrying the aforementioned thermo-hygrometer. The branches were selected on the
basis of their initial diameter in order, if possible, to get a homogeneous distribution of the
initial diameters of the studied branches. Due to technical limitations of the used
microdendrometer, branches with diameter exceeding 15 cm could not be studied. The
circumference of the equipped branches was measured with a tape measure when installing the
microdendrometer. The initial diameter of each branch was calculated considering a circular
branch section for each branch. The diameter of the studied branches ranged from 50 mm to
91 mm (Figure 58). The average branch diameter was 69 mm with a standard deviation of
10 mm. The axis order of the studied branches could vary from 2 to 4 depending on the studied
tree.

The microdendrometer was scanned every hour and an hourly value was stored by data-
loggers. In FLANDRE, the branch diameter variations were monitored on the studied branches
from mid-May 2019 to mid-October 2022. In the four other sites, the monitoring started in mid-
May 2019 and ended in mid-May 2022.
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Figure 57: Picture of one microdendrometer mounted on a studied branch.
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Figure 58: Initial diameter of the branch equipped with the microdendrometer calculated for each tree on the basis
of the branch circumference measured when installing the microdendrometer.

4.1.1.4.4. Summary of the continuous monitoring experimental
facility
The technical characteristics of the different sensors used for the continuous monitoring
of the meteorological variables, Wsoi and the branch diameter variation are presented in Table
14. An overview of the experimental facility of the T&C study is proposed in Figure 59 which
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illustrates a hypothetical configuration. Indeed, the T&C study is characterized by a very high
heterogeneity of the studied configurations as all parameters (dimensions of the trees, their
location inside each site, the composition of the surrounding environment...) may vary between

sites as well as within each site.

In the present work, the records will be presented in UTC time in order to be comparable
with those exposed in the previous chapter 3 of this manuscript. In metropolitan France, local
time is UTC+2 from March to October (UTC+1 during the rest of the year) and during this
period, the sun reaches its zenith around 11:50 UTC.

The aforementioned sensors were not installed exactly at the same time, which makes it
impossible to run complete analyses of all the studied variables during the entire January 2019-
December 2022 period. The recorded data underwent a validation process highlighting that part
of the records could not be exploited as temporarily sensor malfunctions led to unreliable data.
In this way, figures Figure 99 to Figure 102 (see appendix 7.2.2) respectively propose an
overview of the available and exploitable data for the following variables: Wsoil, branch diameter
variation, Ta and UTCI. The UTCI calculation (see section 4.1.3.1) relies on the measurement
of Ta, RH, Tg (through the Tmr) and wind speed which means that UTCI calculation can only
be performed when all these four variables are available. Screening of data was undertaken over
the four years of the T&C study but revealed that it never happened that all hourly variables
were available to calculate the UTCI for all the 36 studied trees at the same time.

B : Air temperature and relative humidity Branch diameter variation : P
@ : Globe temperature

# - Wind speed

Water matric potential : i

r' I’ . Water

Figure 59: Scheme of the experimental facility of the “Trees & Climate” study. The respective location of the
trees, buildings and sensors may vary in between the different studied sites.

166



Table 14: Characteristics of the sensors used in the “Trees & Climate” study.

Chapter 4

Measured Measurement Reference,
. Sensor type Accuracy
variable range manufacturer
Air Thermo- TFA Dostmann,
-40 to +60 °C +0.2°C
temperature hygrometer Germany
Air relative Thermo- TFA Dostmann,
. 01099 % +15%
humidity hygrometer Germany
Platinum probe
enclosed inside a
Globe . TP875,
15 cm diameter -10to +100°C  £0.25°C
temperature . DeltaOhm
black painted
copper sphere
Vortex_OEM,
Wind speed Cup anemometer  5to 200 km.h-  +1 km.h: Littoclime,
France
: PépiPIAF,
Branch Ml_crodendr_ometer INRAE UMR
. (Linear Variable .
diameter ) . +7.5mm +0.5 um PIAF, Lycee
.. Differential
variation Lafayette,
Transformer)
France
Soil water Campobell
. 0to-0.25MPa +10% . p. .
potential Scientific, USA

4.1.1.5. Morphological measurements

The 36 studied trees were scanned with a terrestrial LIDAR in order to get a numerical

point cloud of each tree enabling to measure some of their morphological characteristics. For

each tree, 4 scans were performed around the tree with an approximately 90° angle increment

(depending on the eventual obstacles and the space available in the surrounding area of the

tree). The measurement campaign was carried out on August 23", 24" and 25" 2022 for the 36

studied trees. At this time, only the trees located in FLANDRE were still equipped with the

monitoring sensors. The scans were performed with a FARO Focus 3D X130 mounted on a

tripod at approximately 1.5 m a.g.l. with a % resolution (i.e. 1 point of measurement every 6 mm

for an object located 10 m away from the scanner) and a 2x quality. The “Clear sky” and “clear

contour” filters were disabled and the color was not used.
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Figure 60: Picture of the FARO Focus 3D X130 mounted on a tripod scanning one of the studied trees.

4.1.1.6. Reference meteorological measurements

The French meteorological institute (Météo-France) operates a weather station called
“Paris-Montsouris” (station n°75114001) located in the Montsouris park right at the south
frontier of Paris (Figure 49). This station is located approximately 4 km east / south-east from
VICTOR, 2.8 km west from NOHAIN, 5 km south from TEMPLE, 7.6 km south from
ORDENER and 8 km south from FLANDRE. This weather station is located in an urban park
and is therefore not totally subject to the urban overheating but is not either representative of a
truly natural rural area. Dahech et al. (2020) characterized the meteorological measurements
performed by this weather station compared to two other stations located approximately 15 km
south of Paris and highlighted that the Paris-Montsouris station was partly shaded in the
afternoon by the surrounding trees and that the surrounding rugosity lowered the wind speed
compared to an open rural area. Nevertheless, the Paris-Montsouris station is used in the present
study as a source of reference measurements for the climatic variables as it is the closest and
the most densely equipped weather station of Paris. From now on, this weather station will be

referred on as “Paris-Montsouris”.
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4.1.2. General meteorological conditions of the 4 studied
years

The meteorological conditions over the 4 years of study (2019-2022) were compared to
the average climatic conditions over the 1991-2020 period recorded at Paris-Montsouris. Only
the year 2021 was characterized by an average air temperature close to the reference climatic
conditions reported by Météo-France from 1991 to 2020 (Table 15). The three other years were
on average warmer by 0.6 °C, 1.2 °C and 1.2 °C respectively for years 2019, 2020 and 2022.
The total amounts of rainfall recorded in 2019 and 2020 were slightly higher than the 1991-
2020 average one. However, the year 2021 was noticeably wetter (15 % more rainfall) and 2022
was noticeably dryer (14 % less rainfall) than the average reference. The total insolation
duration and ETrer were higher than the average reference values every year. Year 2022 was the
sunniest year and the one with the highest evaporative demand, followed by 2020, 2019 and
2021.

Table 15: Main climatic variables measured at Paris-Montsouris meteorological station annually from 2019 to
2022 and on average from 1991 to 2020 (Météo-France, 2024).

Average Average
dai . i
. ."y Average air de.uly Total : Tota.l
minimum maximum . insolation  ETrer
Year . temperature : rainfall .
air o air duration  (mm)
(°C) (mm)
temperature temperature (h)
(°C) (°C)
Average
1991- 9.2 12.8 16.5 634 1717 891
2020
2019 9.8 13.4 17.5 667 2015 1070
2020 10.3 14 18.3 644 2080 1142
2021 9.1 12.5 16.6 727 1886 988
2022 10.3 14 18.3 543 2185 1127

Météo-France, in association with the French ministry of health, carefully monitors T,
every summer in order to forecast eventual heatwaves and raise awareness among the
population. In France, a heatwave is defined at a regional scale and corresponds to a succession
of at least 3 days with a daily average of the daily minimal and maximal T, exceeding a given
alert threshold. This threshold was defined regionally on the basis of epidemiological studies
and is associated with a higher risk of heat-related mortality (Santé Publique France, 2022).
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The alert threshold is not necessarily exceeded during each forecasted heatwave as the
meteorological conditions are sometimes less extreme than expected. Multiple heatwaves were
forecasted by Météo-France in the region of Paris during the duration of the T&C study (from
2019 to 2022). They are reported in Table 16 and the corresponding number of days with T,
exceeding the alert threshold is indicated.

Table 16: List of the heatwaves reported by the French meteorological institute (Météo-France) in the region of
Paris from 2019 to 2022 (Santé Publique France, 2022, 2020, 2019).

Forecasted heatwave Real observations
Nbr. of days with
Number of Ta exceeding the

Maximal T,

Year Start date End date recorded at Paris-

days re?r:c:::r:;ﬁrt Montsouris (°C)

June 23" June 30" 8 4 36.5

2019 July 21% July 27" 7 6 42.6
August 26" August 27" 2 0 33.4

June 24" June 25" 2 0 35.2

2020 July 30" July 31" 2 0 39.3
August 5" August 13" 9 7 30.1

Sept. 13" Sept. 15" 3 0 34.3

2021 June 15" June 16" 2 0 33.3
June 15" June 20" 6 0 36.7

2022 July 11" July 21" 11 6 40.5
August 1% August 14" 14 0 35.9

4.1.3. Methods

4.1.3.1. Universal Thermal Climate Index (UTCI)

The Universal Thermal Climate Index (UTCI) was calculated inside the tree crowns as
well as at the reference lamp posts of each site following the methodology developed by Brode
et al. (2012) on the basis of the measurement of T,, RH and wind speed all carried out at the
same location and on the calculation of the mean radiant temperature (Tmr) With equation (15)
(Huang et al., 2014).

4.1.3.2. Calculation of morphological variables

For each tree, 4 scans were performed around the tree with an approximately 90° angle
increment. Four point clouds were then obtained and were mixed together to form a unique
point cloud using the softwares FARO Scene 5.4 and Polyworks. The points associated with
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the tree were extracted from the rest of the point cloud which may have included the
surrounding trees, buildings and other street furniture. A few issues may have been encountered
during this step, especially for trees forming part of a dense canopy. Such trees may have some
of their branches overlapping branches of the surrounding trees making it hard to distinguish
which tree the overlapping branches belong to. In this case, a virtual arbitrary border between
both trees was used to separate the points between the two trees. The point clouds of the 36
studied trees are presented in appendix 7.2.4.

The point cloud of each tree was then subdivided into:

» voxels: The entire 3D coordinate system was subdivided into 10 cm edge virtual
cubes called voxels and all voxels containing at least one point of the point cloud
were considered;

» Convex polygons: The point cloud was divided into 10 cm wide horizontal layers
and the convex polygon encompassing each layer was computed;

» Concave polygons: The point cloud was divided into 10 cm wide horizontal layers
and the concave polygon encompassing each layer was computed.

These voxels and polygons were then used to compute 7 morphological parameters
listed and described in Table 17. These calculations however have to face some limitations.
Especially, as the scans were realized with a terrestrial LIiDAR, it is very likely that the
uppermost part of the tree crowns may sometimes not have been scanned accurately as the
uppermost foliage may have been screened by lower branches and leaves. The uncertainty
associated with this issue cannot be quantified but some parameters such as the total tree height
and the crown volume are likely to be slightly underestimated.

171



Chapter 4

Table 17: Description of the morphological parameters calculated for the 36 studied trees on the basis of the point

clouds acquired with LIDAR measurements.

Morphological

Abbreviation  Unit Description
parameter
Total tree Hitot " Distance between the uppermost and
height lowermost points of the point cloud.
Area of the concave polygon encompassing
all points of the point cloud when projected
Crown . .
. Sproj m?2 on the ground. The eventual holes found in
projected area
the crown were not excluded from the
computation.
Sum of the area of all the convex polygons
multiplied by the width of the horizontal
Crown volume
(convex polygon  Vpoly 2 layers (10 cm). The crown volume
method) calculated here takes into account the
leaves, the branches and all the empty
spaces encompassed in the entire foliage.
Sum of all the voxels multiplied by the
volume of one voxel (volume of a 10 cm
edge cube). The size of the voxel was
Crown volume 3 . -
VVOX m chosen in order to optimize the accuracy
(voxel method) . . .
while keeping a low computation time. The
crown volume calculated here takes into
account the leaves as well as the branches.
Ratio of the crown volume calculated with
the voxel method to the crown volume
calculated with the convex polygon method.
This ratio should not be confused with the
Crown density  Density no unit leaf area index or density often mentioned in
the literature. This ratio is more
representative of the proportion of leaves
and branches among the total volume of the
crown.
Crown base .
. Hbase m Height of the lowermost leaf of the crown.
height
Crown’s
maximal Height of the largest convex polygon
. Hsurf_max m g i g hoya
extension - calculated hereinabove.
height
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4.1.3.3. Analysis of branch diameter variations

The microdendrometers aim at monitoring the temporal evolution of the branch
diameter, which is linked to the tree growth and to internal water use of the tree. The
microdendrometers record for each time step the difference between the current position of their
needle and the initial position of their needle at the beginning of the acquisition. The first value
of branch diameter variation was set to zero at the beginning of each year in order to be able to
compare, for each tree, the amplitude of branch diameter variation of the four years of study. A
few gaps of data lasting multiple days were spotted for some of the studied trees. In this case,
the first value of branch diameter variation recorded after the period of lacking data was set to
zero and the real dynamic of the branch diameter variation during the period of lacking data
remained unknown. Consequently, the total annual branch diameter variation could not be
assessed for the concerned trees.

The T&C study focused on trees of different ages and different species. Moreover, the
branches equipped with the microdendrometers had different initial diameters, different axis
orders and different sun exposures. A strong variability is therefore likely to exist among the
branch diameter variations recorded for the 36 studied trees. In order to investigate this
variability, two Celtis australis of FLANDRE (celtis_1 and celtis_3) were equipped with 4
microdendrometers each from March to November 2023 in order to compare the diameter
variations of branches bearing leaves with contrasted solar exposure and also branches with
different hierarchical insertion in the crown structure. The details of this monitoring campaign,
presented in appendix 7.2.9, highlighted that the variability of the amplitudes of branch
diameter variations that may exist in between the branches of a single tree may be higher than
the variability between two branches of different trees. Yet, the growth dynamics appeared to
be similar for different branches of a same tree. The comparison of the branch diameter
variations recorded for the 36 trees of the T&C study is therefore not trivial and the two
following strategies were then adopted to cope with this variability:

» The branch diameter variations were first normalized in order to compare the
branches of the 36 studied trees on a common basis at a yearly scale. The branch
diameter variations as well as the initial circumference of the branch measured
when installing the microdendrometers were respectively converted into a
branch section variation and an initial branch section considering a circular
shape section. An initial branch section was then calculated at the beginning of
each year considering the initial branch section and the total branch section
variation of the previous year. Finally, the branch section variation of each
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branch was expressed as a percentage of its initial section at the beginning of
each year. Branch section was preferred to branch diameter for normalization as
it integrates the complete formation of new tissues all around the branch
circumference.

» For each tree, the signal of branch section variation was then divided into
multiple indicators which were introduced in previous works found in the
literature such as the one of Dietrich et al. (2018) and already presented in the
previous chapter (see section 3.2.2.2). But, in order to prevent the analyses from
being impacted by the important variability between branches of a same tree
highlighted in appendix 7.2.9, only maximum diameter ever recorded (MDER)
and the daily growth (DG) were used in the present analyses. The effects of
warm and dry periods on the studied trees were assessed through the
quantification of the growth trend and especially the number of days with no
growth (DG = 0) was quantified for each tree during the periods of interest which
will be described in section 4.1.3.5.

4.1.3.4. Calculation of the average climatic benefits

The difference between the meteorological variables measured inside the tree crowns
and the ones measured at the reference lamp posts was calculated for Ta, AH, Tm and UTCI at
each time step. For each one of these four variables, the following subtraction was calculated:
variabletree crown - Variableiamp post, and called “Avariable”. Considering for instance T, this means
that a negative AT, reflects a lower T, inside the tree crown compared to its reference lamp
post. For all sites except FLANDRE, each tree was then compared to the reference lamp post
located on the same site (respectively called CANDNohain, CANDOrdener CANDTemple and
CANDVictor). For FLANDRE, which contains 3 studied lamp posts, all the studied trees were
compared to CANDFlandre2 as CANDFlandrel had a similar signal for all 4 meteorological
variables and CANDFlandre3 was located in an area mainly shaded in the afternoon and was
therefore not really representative of the maximum overheating phenomenon existing in the
avenue de Flandre. Moreover, CANDFlandre2 was located approximately at equal distance
(approximately 650 m) from both the northernmost and the southernmost studied trees.

Average daily differences focusing on different periods during the day were calculated
in order to easily assess the long-term evolution of the difference between trees and lamp posts:

» The average difference from 00:00 to 23:59 UTC (entire day);
» The average difference from 02:00 to 04:00 UTC (night-time);
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» The average difference from 11:00 to 13:00 UTC (solar noon);

» The average difference from 15:00 to 17:00 UTC (afternoon);

» The maximum difference of the day which does not occur at the same time every
day.

These differences were calculated every day during an extended summer period (from
May 1% to September 30™) when trees are likely to bear their entire foliage and when heatwaves
and droughts are expected to occur. Then, these daily differences were averaged for each tree
in order to calculate the average climatic benefits provided by each tree. However, in order to
compare all trees on a common basis, these overall differences have to be computed on a same
list of days for all the studied trees as meteorological conditions can vary a lot from one day to
the next one. Yet, as highlighted previously, it was not possible to find any single day with data
available for all the 36 studied trees at the same time. To cope with this issue, a list of days with
common data availability for all the trees of the same site was established for each site in order
to compare at least all the trees of the same site on a common basis. This however implies that
the overall average differences aforementioned were calculated considering different lists of
days for the different sites. The days considered for each analysis conducted hereinafter will be
presented in the results section right before the associated results for more clarity.

4.1.3.5. Effect of dry and warm periods

In order to study the effects of warm and dry conditions on the growth of the studied
street trees and the climatic benefits they provide, different periods of interest were searched
for. However, the definition of such periods is not easy as heatwaves and dry events are likely
to occur simultaneously which makes it difficult to assess the effect of high temperatures and
low water availability independently. Indeed, it was not possible to find a period enabling to
study the effect of heatwaves while ensuring a high water availability for the studied trees. As
a consequence, a focus was made on the assessment of the effects of decreasing water
availability on both the branch section variations of the trees and the climatic benefits they
provide. To do so, the branch section variations and soil water content were first compared
during both a dry and a wet summer. Then, the evolution of branch section variation and of the
climatic benefits provided by the trees were assessed a 40-day period without rainfall.

4.1.35.1. Comparison of a dry and a wet summer

Years 2020 and 2021 were characterized by contrasted climatic conditions, 2020 being
warm and dry while 2021 was cooler and wetter as previously presented in Table 15. Given
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that soil water potential data were available for all the studied trees in 2020 and 2021, the
relationship between soil water potential and branch growth was investigated by comparing
both years. Two periods centered on July were defined for each year considering the availability
of soil water potential data: June 29", 2020 to August 11", 2020 and July 9", 2021 to August
11", 2021. The following indicators were calculated over both periods for each studied tree in
order to approach the sensitivity of the trees to the water availability:

» The percentage of days with branch growth interrupted (DG = 0) during the dry
period;

» The percentage of days with Wsoil lower or equal to -0.25 MPa (lower limit of the
Watermark® probes measurement range).

The latter was preferred to the average Wsoit over the studied period as the real Wsoil
values remained unknown as soon as Wsi was lower than the lower limit of the measurement
range of Watermark® probes (-0.25 MPa) which happened very often in summer.

4.1.35.2. Focus on a dry period

As the water content of the tree pits was not controlled and soil water potential was not
monitored deep enough to fully represent the water availability for the trees, the dry period
presented here was selected on the basis of the daily rainfall data and the inventory of the
heatwaves carried out by Météo-France from 2019 to 2022, as mentioned previously (see
appendix 7.2.3). During the selection process, years 2020 and 2021 were preferred in order to
take into account trees from the 5 studied sites as all trees were fully monitored during these
two years.

The evolutions of branch growth, AT, and AUTCI were assessed over a period starting
on July 1%, 2020 and lasting until August 10", 2020 chosen for its important number of
successive days without any rainfall (Figure 61). Before this period, the month of June was
characterized by a total rainfall of 47 mm which was close to the average monthly total rainfall
recorded by Météo-France from 1991 to 2020 (51.3 mm) (Météo-France, 2024). June 2020 was
characterized by a strong rainfall event on June 3™ (28.8 mm) and smaller but regular rainfall
events until July 1% (2 mm). It was therefore hypothesized that the studied trees were not yet
subject to a strong water stress on July 1%. Except for one rainfall event reported on July 25%
(6.3 mm), the trees were subjected to 40 days without any rain between July 1% and August
10", This period was followed by multiple rainfall events on August 11" (2 mm), 12
(14.8 mm), 13" (6.1 mm) and later on in August 2020. Three heatwaves were reported a few
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days before (June 24" to 25™), during (July 30" to August 1) and right at the end (August 5"
to August 13™) of the studied dry period.

The impact of the dry period on the branch diameter variation was assessed through the
calculation of the three following indicators for each studied tree in order to approach their
sensitivity to the lack of water and their resilience after the end of the dry event:

> The number of days between the start of the dry period (July 1% 2020) and the
interruption of branch growth (DG = 0);

» The percentage of days with branch growth interrupted (DG = 0) during the dry
period (from July 1% to August 10" 2020);

> The number of days between the end of the dry period (August 10™) and the restart
of branch growth calculated until September 30™.

The impact of the dry period on the climatic benefits provided by the studied trees was
assessed by the calculation of ATa and AUTCI during three groups of 2 sunny (more than
10 hours of insolation as measured by Méteo-France at Paris-Montsouris) and rain-free days
with close meteorological conditions. The three groups of 2 days were scattered at the
beginning, at the middle and at the end of the studied period (Table 18) close to the three
heatwaves of June and July 2020 mentioned hereinabove.

Table 18: Meteorological variables measured by Météo-France at Paris-Montsouris during three groups of two
days scattered before, in the middle and at the end of the studied dry period (July 1% to August 10™, 2020). GLOT:
Daily integral of the incoming global radiation measured at Paris-Montsouris.

Before dry period  Middle of dry period End of dry period
June 23 June 24™  July 29™  July 30" August 5" August 6

Rainfall
0 0 0 0 0 0
(mm.day™)
Insolation 15 14.8 13.8 14.3 14 13.6
duration (hours)
GLOT
30.5 30.5 27.8 27.8 26.9 25.9
(MJ.m?.day™)
Average wind
ge wi! 25 2.9 1.9 21 2.2 16
speed (M.s™)
Minimal T, 15.3 17.9 14.4 15 13.8 17.1
Average Ta 23.8 26.7 20.6 25 23.7 27
Maximal T, (°C) 30.3 33.4 27.1 33.2 31.4 35.1
ET.. (mm.day™) 7.1 8.4 5.9 7.2 6.8 71
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Figure 61: Evolution of (a) the daily integral of downward global radiation (GLOT), the daily minimum and
maximum air temperature (Ta, min and T4, max) and (b) the daily reference evapotranspiration (ETres), the daily
rainfall and the daily average VPD measured by Météo-France at Paris-Montsouris from July 1% to August 15t
2020.

4.1.3.6. Statistical analyses

Statistical analyses were performed using Python language version 3.9-64. Linear
regressions were performed to evaluate the eventual dependence between couples of variables
using the following packages: sklearn and statsmodels. Principal component analyses (PCA)
were performed using the PCA method of the sklearn package.
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4.2. Results

4.2.1. Morphological diversity of the studied trees

The numerical point clouds obtained through the terrestrial LIDAR scanning campaign
for the three studied Celtis australis of FLANDRE are presented as an example in Figure 62.
The point clouds of the 36 studied trees can be found in appendix 7.2.4 and the results for the
different calculated morphological parameters can be found in Table 25 in appendix 7.2.5.

celtis_1 celtis_2
m =

Figure 62: Numerical point clouds obtained for the 3 Celtis australis of FLANDRE with the terrestrial LIDAR
scanning campaign performed in August 2022.

The different morphological parameters calculated for all trees on the basis of their
numerical point clouds are gathered in Figure 63 which shows the strong morphological
variability of the studied trees. Contrasted results were reported between different species and
sometimes within each group of three trees of the same species and located on the same site.
The morphological parameters appeared to be slightly homogeneous for the Celtis australis
studied in FLANDRE and TEMPLE and the nine Platanux x hispanica studied in FLANDRE,
TEMPLE and VICTOR.
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Figure 63: Total height of the trees (Htot), height of the base of the crown (Hbase), height of the larger convex
polygon of the crown (Hsurf_max), height of the meteorological sensors mounted inside the tree crowns, crown
projected area (Sproj) and crown density for the 36 studied trees measured on numerical point clouds acquired
through terrestrial LIDAR scanning in August 2022.

A PCA run with the calculated morphological variables highlighted the low relationship
existing between them (Figure 64). The first principal component was mainly correlated with
Htot, Sproj and Vpoly while the second one was mainly correlated with Hbase, Vvox and
density. Only Sproj appeared to be highly related to VVpoly which is consistent as the trees with
the highest total volume are very likely to induce a wide crown projected area.
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Figure 64: Correlation circle obtained through a principal components analysis performed on the 36 studied trees
for 7 morphological variables: Hbase, Hsurf_max, Htot, Sproj, Vpoly, Vvox, Density.

The distribution of the 36 studied trees among the two first principal components is
presented in Figure 65. The remoteness of the different trees along the horizontal axis indicates
contrasted values for the morphological characteristics correlated with the first principal
component (Htot, Sproj and Vpoly) while remoteness of the different trees along the vertical
axis indicates contrasted values for the morphological characteristics correlated with the second
principal component (Hbase, Vvox and density).

A few trends can be summarized, having a look at both the distribution of the studied
trees along the two first principal components (Figure 65) and the absolute values of the
morphological parameters presented in Figure 63. The total height of the trees ranged from 8.2
to 17.4 m. The Gleditsia triacanthos and the Platanus x hispanica, on the three sites where they
were studied, appeared to be the tallest trees while the three Celtis australis of FLANDRE, the
three Ulmus resista and the three Zelkova serrata were among the smallest ones as none of
them exceeded 9.5 m. Platanus x hispanica also had on average the tallest crowns as their high
Htot was also accompanied by a generally low Hbase meaning that their foliage started low and
ended high.

The crown projected area (Sproj) of the studied trees ranged from 17 m2 to 38 m2 while
their density ranged from 0.19 to 0.55. Ulmus resista trees appeared to have on average the
highest crown densities and they were also characterized by large crown projected areas.
Sophora Japonica trees also had large crown projected areas but very contrasted crown
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densities. Both Gleditsia triacanthos and Quercus cerris were characterized by low crown

projected areas and low crown densities.

The height of the meteorological sensors was quite heterogeneous as it ranged from

3.5 mto 8.2 m and it appeared to be highly influenced by the dimensions of the tree crown as

the sensors were generally located close to the base of the tree crown.
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Figure 65: Distribution of the 36 studied trees regarding the two first principal components resulting from a
principal components analysis performed for 7 morphological variables: Hbase, Hsurf_max, Htot, Sproj, Vpoly,

Vvox, Density.
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4.2.2. Microclimate of the 5 sites

The general microclimate of the different sites was compared by analyzing the
meteorological variables measured at the different reference lamp posts as well as reference
measurements carried out at Paris-Montsouris focusing on a period when all lamp posts had
available data at the same time (May 1%, 2021 to September 30", 2021). At night, Ta was on
average higher in all sites compared to Paris-Montsouris by approximately 0.5 °C from 20:00
to 04:00 UTC except on TEMPLE where the average difference reached 1.1 °C (Figure 66).
During the day, contrasted T, dynamics were reported in the different sites. TEMPLE appeared
to be the warmest site during the day with an average Ta difference with Paris-Montsouris of
0.8 °C from 08:00 to 16:00 UTC while NOHAIN was cooler than Paris-Montsouris by 1.2 °C
on average from 08:00 to 16:00 UTC making it the coolest site. VICTOR and ORDENER were
respectively cooler by 0.1 and 0.6 °C on average from 08:00 to 16:00 UTC. The three reference
lamp posts located on FLANDRE showed contrasted behaviors and strong variations during
the day. On one hand, CANDFlandre3 remained warmer than Paris-Montsouris in the morning
by on average 0.4 °C from 08:00 to 12:00 UTC. On the other hand, CANDFlandrel and
CANDFlandre2 which were cooler than Paris-Montsouris approached the T. of Paris-
Montsouris in the afternoon and were then on average 0.7 °C warmer than CANDFlandre3
around 16:00 UTC. The dynamics of the overheating phenomenon observed at each lamp post
are very consistent with the respective positions of the lamp posts in their site. This is
particularly noticeable in FLANDRE as CANDFlandrel and CANDFlandre2 were located on
the eastern sidewalk of the street and then exposed to sunlight in the afternoon, while
CANDFlandre3 was located on the western sidewalk and exposed to the sun in the morning
(see Figure 50).
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Figure 66: Average daily evolution of the air temperature (T) measured at each lamp post as well as at Paris-
Montsouris and of the air temperature difference between each lamp post and the Paris-Montsouris meteorological
station from May 1%, 2021 to September 30" 2021. The hourly standard deviation of T, was not drawn for more
clarity but it remained lower than 4.5 °C for all lamp posts as well as for Paris-Montsouris.

VPD was on average lower in all studied sites compared to Paris-Montsouris all over
the day except during night-time in TEMPLE and NOHAIN (Figure 67). During daytime, VPD
reached much higher values in TEMPLE (on average 0.15 kPa higher VPD around noon)
compared to all other sites and CANDFlandrel and CANDFlandre2 were also characterized by
an increasing VPD in the afternoon (around 16:00 UTC) reaching the average VVPD recorded

in TEMPLE at this time of the day.
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Figure 67: Average daily evolution of the vapor pressure deficit (VPD) measured on each lamp post as well as at
Paris-Montsouris and of the VPD difference between each lamp post and Paris-Montsouris from May 1%, 2021 to
September 30™, 2021.

At night, CANDTemple and CANDFlandre3 measured slightly higher radiation fluxes
compared to the other sites as their Tmit Was on average 17.6 °C from 20:00 to 04:00 UTC while
Tmrt remained lower than 17 °C at all other lamp posts (Figure 68). During the day (i.e. from
08:00 to 16:00 UTC), Tmrreached on average 28.5 °C in ORDENER, 30.4 °C in NOHAIN,
32.2 °C at CANDFlandrel, 31.9 °C at CANDFlandre2, 30.7 °C at CANDFlandre3, 33.3 °C in
TEMPLE and 35.3 °Cin VICTOR. T is Very sensitive to SW as it relies on globe temperature
and its evolution over the day is likely to illustrate the periods of direct insolation of the
reference lamp posts. The different solar exposure of the three lamp posts of FLANDRE is
therefore easily noticeable, CANDFlandre3 being exposed to the sun in the morning while
CANDFlandrel and CANDFlandre2 were exposed to the sun in the afternoon. The lamp posts
of NOHAIN and ORDENER also appear to be mainly exposed to the sun in the afternoon while
the solar exposure of lamp posts of TEMPLE and VICTOR appears to be more homogeneous
throughout daytime.
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Figure 68: Average daily evolution of the mean radiant temperature (Tmr) calculated at each lamp post from May
1%, 2021 to September 30", 2021. Tmr Was not calculated at Paris-Montsouris. Standard deviation is not represented
for more clarity but can reach 13.9 °C.

Regarding UTCI, the daily evolutions presented in Figure 69 showed similar trends to
those reported previously for Tmr, Which is consistent with the dependence of UTCI on T
However, unlike what was observed for Tmr, the UTCI is on average higher in TEMPLE during
the day which is likely to be caused by the higher T, measured in this site. In the late afternoon,
CANDFlandrel and CANDFlandre2 both measure the highest UTCI values which is probably
induced by their high solar exposure at this time of the day highlighted in Figure 68 considering
Tmrt. Although the UTCI appears to remain in the no thermal stress category in each site all day
long except temporarily in TEMPLE and close to CANDFlandrel, it is important to recall that
Figure 69 presents average daily evolutions on a 5-month period of time with a wide range of
meteorological conditions. Therefore, the UTCI calculated on each site during warm and sunny
days is obviously higher than the one presented in Figure 69. The standard deviation which can
reach up to 6.4 °C has the same order of magnitude as the amplitude of the moderate heat stress
category defined for the UTCI analysis which ranges from 26 °C to 32 °C. Thereby, the
moderate heat stress and even the high heat stress category are likely to be reached frequently.
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Figure 69: Average daily evolution of the UTCI calculated on each lamp post from May 1%, 2021 to September
30, 2021 regarding the different thermal stress categories: no thermal stress (9 to 26 °C UTCI, green), moderate
heat stress (26 to 32 °C UTCI, yellow), high heat stress (32 to 38 °C UTCI, not shown), very high heat stress (38
to 46 °C UTCI, not shown) and extreme heat stress (>46 °C UTCI, not shown). Standard deviation is not
represented for more clarity but can reach 6.4 °C.

The different studied trees then are likely to be exposed to slightly different evaporative
demand depending on the site they are located in. Especially, the trees located in TEMPLE,
FLANDRE and VICTOR are likely to experience a higher average evaporative demand
compared to the trees located on the other sites due to the high Ta and VPD of TEMPLE and
the high Tmr in FLANDRE and VICTOR.

4.2.3. Overview of the branch diameter variation

The branches of the 36 studied trees grew approximately from mid-April until the end
of August (start of growth not visible in 2019 as the monitoring began in mid-May) but very
contrasted amplitudes of total growth were reported. The evolution of the branch section
variation of the trees located in FLANDRE are presented in Figure 70 as an example while
those of the trees located in the other sites are presented in appendix 7.2.6.

First, a strong variability was noticed among the groups of three trees of the same species
located on the same site. In FLANDRE, two Sophora japonica experienced a very low total
growth in 2019 (lower than 2 % of the initial branch section) while the third one grew by more
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than 10 %. Similar observations were reported for other groups of trees such as the three Ulmus
resista of FLANDRE in 2021.

A strong variability was also reported in between trees of different species. In 2020 and
2021, it can then be noticed that the Ulmus resista generally grew more than all other studied
trees in FLANDRE while the three Tilia cordata appeared to grow much less as their annual
total growth remains under 5 % of their initial branch section.

A given tree may also have experienced a variable total growth from one year to the
next one. The growth of the Ulmus resista barely reached 6 % in 2019 while almost all of them
grew by more than 10 % in 2020 and 2021. Similar observations can be reported for the other
species.

Also, very contrasted growth dynamics were observed along the growing season for the
different trees. Indeed, multiple trees experienced branch shrinkage during their growing
season, which takes the form of a reduction of their branch section. In 2019, the branch
shrinkage of one Sophora japonica (sopora_1) is for instance easily noticeable as the branch
section of this tree was even lower than its initial value at the beginning of the monitoring period
during most of the growing season. It can also easily be noticed that while some trees may
experience branch shrinkage, other trees of the same species may still be growing without
interruption all along the growing season. This phenomenon was observed for instance in 2022
when the branch of one Platanus x hispanica and one Ulmus resista grew continuously while
most of the other studied branches were shrinking.
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Figure 70: Evolution of the branch section variation on the basis of the initial branch section calculated at the
beginning of each year for the trees located in FLANDRE and of the daily rainfall and the daily elapsed number
of days since the last rain event from 2019 to 2022. The heatwaves identified by Météo-France are highlighted
with yellow areas.
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4.2.4, Climatic benefits of the trees

4.2.4.1. General assessment of the variability of the climatic
benefits

In the present section, the average daily evolution of AH, Ta, Tmt and UTCI measured
and calculated inside the tree crowns and at the reference lamp posts as well as the average
daily difference calculated between trees and lamp posts are analyzed for all the studied trees
on each studied site (Figure 72, Figure 73, Figure 74, Figure 75 and Figure 76). As explained
previously, these average daily evolutions were calculated over multiple days considering a
common list of days for each site which induces that the list of studied days may vary a lot
between the studied sites. In order to minimize the sources of variability, especially those
coming from the ever-changing meteorological conditions, only dry and sunny days (no rainfall
and insolation duration greater than 10 hours according measurements carried out by Météo-
France at Paris-Montsouris) from May 1% to September 30" were considered for the analysis.
Platanus_3, sophora_1 and sophora_2 on FLANDRE and celtis_4 on TEMPLE could not be
considered due to their poor data availability. The location of the measurement days considered
for the analysis is presented in Figure 71. Two days were finally considered for FLANDRE, 13

days for NOHAIN, 42 days for ORDENER and 6 for TEMPLE and 3 for VICTOR.
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Figure 71: Location of the days with UTCI data available for all the studied trees from 2019 to 2022 when
considering for each site only the days with data available for all the trees of this given site.

AH measured inside the tree crowns remained generally very close to the one measured
at the reference lamp posts during night-time in all sites. However, different evolutions were
observed during daytime. In FLANDRE and TEMPLE, the AH difference was alternatively
lower and higher inside the tree crowns compared to the reference lamp posts depending on the
considered trees. In NOHAIN, ORDENER and VICTOR, AH increased during daytime and
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was generally 5 % and up to 10 % higher inside the tree crowns compared to the reference lamp
posts which could be attributed to the transpiration of the trees.

Ta was also very close at night inside the tree crowns and at the reference lamp posts.
During daytime, the difference was sometimes positive meaning that T. measured inside the
tree crowns was higher than at the reference lamp posts. This phenomenon was observed in all
sites: in the morning for the Platanus x hispanica in FLANDRE, around noon in NOHAIN,
ORDENER and VICTOR, and in the afternoon for the Platanus x hispanica of TEMPLE. It
also appeared the T. was lower inside the tree crowns compared to the reference lamp posts at
different times of the days depending on the considered sites. T, was lower by on average 2 °C
around 16:00 in FLANDRE and 2 °C in the morning, mainly around 08:00 UTC in TEMPLE.
Lower Ta reductions were reported on the three other sites and especially for the Gleditsia
triacanthos of ORDENER which experienced a generally higher Ta than their reference lamp
post.

The effect of trees on Tmit Was easily noticeable in all the studied sites. Tmrwas slightly
higher at night inside the tree crowns compared to the reference lamp posts especially in
FLANDRE, NOHAIN and ORDENER. A very strong increase of Tmr can be noticed at each
lamp post in the morning followed by a very strong decrease in the late afternoon. The exact
times of such increases and decreases vary with the considered lamp post and reflect the
respective exposure to sunlight of the different lamp posts. CANDFlandre2 and CANDOrdener
then appeared to be mainly exposed to sunlight in the afternoon while CANDTemple was
mainly insolated before noon and NOHAIN and VICTOR were homogeneously exposed to
sunlight over daytime. Noticeable and very strong negative T differences were noticed for all
the studied trees, highlighting the strong radiation interception provided by the tree crowns. Tmr
is sensitive to both LW and SW and as SW has a much higher energy content, it is therefore
more likely to influence Tmit. The maximum Tmr reduction exceeded on average 20 °C for
almost all