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A B S T R A C T   

Trees may help reduce the increasing human thermal stress in cities caused by the Urban Heat Island phe
nomenon and the multiplication and intensification of heatwaves through the climatic benefits they provide: cast 
shadows and transpiration. However, the multiplication of droughts may lower the water supply of street trees 
and impact their development and climatic benefits. The transpiration and radiation interception of two align
ments of potted ornamental apple trees (Malus Coccinella® ‘Courtarou’) planted in a 1/5 scale street canyon 
experiencing contrasted water supplies were monitored during an 8-week period of summer 2022. Compared to 
well-watered trees, the transpiration of water-restricted trees was reduced quickly and strongly by 81 % on 
average. A noticeable reduction of the leaf area index of the water-restricted trees led to a decrease of their 
radiation interception which however remained higher than 69 % of the incident radiation measured without 
trees. No noticeable air temperature difference was measured under the tree crowns of both alignments of trees 
but the Universal Thermal Climate Index calculated under the water-restricted trees increased by on average 
1 ◦C. Radiation interception appeared to be responsible for the major part of the daily total amount of energy 
dissipated. A noticeable reduction of the daily total amount of energy dissipated by the WR trees was mostly 
attributed to the reduction of their transpiration which may explain why both alignments of trees kept providing 
noticeable climatic benefits.   

1. Introduction 

The multiplication and intensification of extreme climatic events 
such as heatwaves accompanying climate change is observed in all re
gions of the world [1]. In France, the average annual duration of heat
waves was 1.7 days.year− 1 before 1989 whereas it reached 7.95 days. 
year− 1 since 2000 [2]. In cities, heatwaves add to a pre-existing over
heating phenomenon called Urban Heat Island (UHI) [3–5] which is 
influenced by multiple factors such as the nature of the materials or the 
urban geometry [6,7]. Thereby, the combination of heatwaves and UHI 
exposes the city dwellers to a thermal stress which may cause sanitary 
issues [1,8]. In France, around 15 000 deaths were attributed to the 
heatwave of summer 2003 and the mortality risk appeared to be higher 

in cities where the UHI intensifies the overheating especially at night 
[9]. 

In order to mitigate urban overheating and thereby human thermal 
stress, multiple works assessed the climatic benefits of vegetation which 
mainly come from 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. Vegetation can be 
implemented in cities through different configurations such as green 
facades [10,11], green roofs [12,13], grass covers, urban parks [14,15] 
or street trees [16,17]. Yet, street trees appear to be particularly inter
esting for both overheating and human thermal stress mitigation as they 
can cast shadows on buildings, on the ground and on the pedestrians. 

The impact of individual trees on urban microclimate was 
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highlighted through the quantification of the incident solar radiation 
they intercept [18,19], the temperature reduction of the surrounding 
surfaces [20,21], the reduction of globe temperature [22] and mean 
radiant temperature [23] under their crowns. Some works quantified the 
energy dissipated through the evaporation of the water they transpire 
[24,25] and a variety of diurnal air temperature reductions were re
ported [26,27]. 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) [28] is widely used in the literature for the assessment of outdoor 
thermal environment because it relies on a highly detailed human body 
model [29]. Thereby, a variety of UTCI reductions beneath the tree 
canopy compared to reference open areas can also be found in the 
literature [30,31]. Multiple works focused on street canyons, a common 
urban configuration, which appeared to be adapted to study urban 
overheating at street scale [32,33] and its impact on the pedestrians. 
Other 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 [34,35,]. 
Mballo et al. [36], 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 street canyon 
whereas the remaining 26 % were attributed to the evaporation of the 
transpired water. For a large panel of weather conditions and consid
ering 120 studied days, Herpin et al. [37] 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 street canyon. 

However, the health and development of street trees rely on a suf
ficient 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 [1] and the water resources of trees will not be 
guaranteed all along the growing season in the near future. Schütt et al. 
[38] monitored the soil water potential inside the tree pits of 17 street 
trees in 2018–2019 and revealed that street trees were already experi
encing 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 espe
cially by closing their stomata or reducing their leaf area [39,40], 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 [41]. The stomatal 
closure can be noticed from one day to the next one [42] whereas 
morphological adjustments may take several weeks. Thus, the ability of 
street trees to maintain significant climatic benefits under such condi
tions 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 [20,43] enabling to assess the effect 

of dry periods, and none of them could so far control or monitor soil 
water availability. 

Some studies assessed the seasonal changes of tree transpiration or 
related variables with a varying soil moisture [44]. Others, highlighted 
significant reductions of transpiration ranging from 25 % [45] to 92 % 
[46] when comparing well-watered and water-restricted trees of various 
species. Gebauer et al. [47] and Konarska et al. [48] observed a signif
icant decrease of stomatal conductance (i.e. stomatal closure) during dry 
periods. Dervishi et al. [49] 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. [50] 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 tran
spiration 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 moni
toring of the water availability in the soil, tree transpiration and radi
ation interception, and the surrounding microclimate inside a reduced 
scale street canyon vegetated with both water-restricted and well- 
watered trees during a 2-month summer period. 

2. Materials and methods 

2.1. Materials 

The present study was run over July and August 2022. 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 (see section 2.1.3, reference period: 1991–2020) 
whereas the total rainfall was twice lower. 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 19th to 22nd and from August 13th to 26th) 
which lowered both the reference evapotranspiration and the insolation 
ratio (Figure B1 in appendix B). 

2.1.1. General presentation of the street 
The experiments were run in a 1/5 scale street canyon 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 Köppen-Geiger clas
sification [51]. The street (Fig. 1) is oriented North-South, i.e. perpen
dicular to the direction of the prevailing winds which mainly come from 
the west, in order to limit the eventual wind-driven air flow exchanges 
between the different zones of the street. The street 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. 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. In each zone, the 
three central trees were studied and the two border trees were used as 

Abbreviations 

A.g.l above ground level 
LAI leaf area index 
NR-AWS non-readily available water storage 
PAR photosynthetically active radiation 
R-AWS readily available water storage 
TAWS total available water storage 
UHI Urban Heat Island 
VWC volumetric water content 
WR water-restricted 
WW well-watered  
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buffer zones preventing eventual interactions between the three central 
trees of each zone and the other surrounding zones. 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 street canyon on January 19th, 2022 and subjected to a 
winter structural pruning. Their upper and lateral axes were trimmed on 
June 23rd, 2022 so they could fit in the dimensions of the reduced street 
canyon. 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. 

2.1.2. 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 

street canyon (Fig. 2). 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)3 and to an 
8.9 m3 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 m3 pits [52]. 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 [53,54]. The texture of the 
topsoil-compost mixture was measured in the laboratory using gran
ulometry analysis after decarbonisation according to the French stan
dard 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 

Fig. 1. South view picture of the street canyon (left) and south view picture of the WR zone (right).  

Fig. 2. Sketch of one of the three central planting containers of the vegetated zones and location of the sensors.  
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United States Department of Agriculture classification [55]. 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 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) 
(Fig. 2). 

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 [56,57]. 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 per
manent 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 in
puts and outputs were null except 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 Fig. 6 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. Ac
cording to FAO et al. [58], 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. 

2.1.3. Meteorological sensors 
Although the French meteorological institute (Météo-France) oper

ates 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 (Figs. 1 and 3). 
The second one was located approximately 8 m west from the street 
(Fig. 1). 

A set of meteorological sensors described in Fig. 3 was mounted in 
the central cross-section of each zone of the street in order to be 
representative of the microclimate of each zone and to avoid the sensors 
being influenced by the surrounding zones of the street. Especially, the 
respective location of the two vegetated zones ensured that the shadow 
cast by WR trees could only reach the southernmost WW tree, which was 
a not studied border tree, but not the meteorological sensors of the WW 
zone. The sensors were 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 (Fig. 3). 

Air temperature and relative humidity were measured on the central 
axis of the street at 0.4 m a.g.l. and 1.5 m a.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 mechani
cally 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. 

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-com
ponents 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 Photosyn
thetically Active Radiation (PAR) was measured at 0.65 m and 2 m 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 2.2.5. 

The wind speed and direction on the studied site were measured 
outside the street at 2 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 

Fig. 3. Sketch of the studied street canyon 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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to evaluate the human thermal stress at human height (0.4 m a.g.l. At 
reduced scale). The characteristics of the sensors used for the experiment 
are presented in appendix A and the methods used for the calculation are 
described in section 2.2. 

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 esti

mated on July 7th and August 27th, 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 allo
metric 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 pro
jected area. Linear interpolation and extrapolation were used to 
compute the crown projected area for each day of the studied period 
from July 8th and August 31st, 2022 on the basis of the values measured 
on July 7th and August 27th. From July 1st to July 6th, the crown pro
jected area was considered equal to the one measured on July 7th. 
Indeed, the trees were pruned on June 23rd and their dimensions were 
supposed to remain constant during the two following weeks, i.e. from 
June 23rd to July 7th, 2022. 

2.1.5. Stomatal conductance 
Measurements of the stomatal conductance were carried out during 5 

sunny, warm and rain-free days (July 5th, July 12th, July 19th, July 28th 

and August 9th, 2022) approximately with a 1-h 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 (Fig. 3). 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. 

2.2. Methods 

2.2.1. Irrigation control 
Until July 4th, 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.  

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

- The water matric potential measured with the tensiometers was ex
pected 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 5th, 2022, two different irrigation treatments were applied to 
the two vegetated zones.  

- 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 1st. The 
last full irrigation occurred on July 4th, in the evening. Thus, the trees 
were still experiencing comfortable water supplies on July 5th, and 
July 6th 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 7th 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. 

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 tran
spiration (1), and adapted for well-watered (WW) trees and water- 
restricted (WR) trees. 

P+ I − ΔS − ETR − D ± R = 0 (1) 

P is the total rainfall, I is the irrigation poured into the soil, ΔS is the 
variation of water storage in the soil, ETR is the effective evapotrans
piration, 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. 

2.2.2.1. 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 (2) 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. [36] enabling to 
consider I and D null (Fig. 4). Night-time transpiration is considered null 
in this case as it was found to be low compared to the diurnal transpi
ration on different tree species [59,60]. 

ETR= − ΔSdaytime = − Δθdaytime.Vsoil (2) 

Δθdaytime is 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 Fig. 2, Vsoil (46.3 L) is the volume of 
topsoil-compost mixture poured in each container. 

2.2.2.2. 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-h time step (19:30 to 19:29 UTC next day) 
from July 6th until the end of the growing season. In 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 I was included in the water bal
ance which led simplify equation (1) as follows (3): 

ETR= I − ΔS24h = I − Δθ24h.Vsoil (3) 

Fig. 4 illustrates the daily water balance carried out in the present 
experiment and the hypotheses allowing the simplifications presented 
hereinabove. 

The daily amount of water transpired by the trees was converted into 
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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− 1) and transformed to a quantity of energy per surface unit (MJ.m− 2. 
day− 1) using the average projected area of the tree crowns interpolated 
for each day as detailed in section 2.1.4. 

2.2.3. Reference evapotranspiration 
The daily reference evapotranspiration ETref was calculated on-site 

using the Penman-Monteith equation [58] in order to characterize the 
daily climatic conditions and to compare tree transpiration estimated 
with the water balance presented hereinabove to the climatic demand. 

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 
street canyon Rtop_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 theo
retical solar radiation received by the earth above the atmosphere Rto

p_atm (reported by FAO et al. [58]) as proposed by Mballo et al. [36] in 
equation (4). 

Insolation ratio =
Rtopstreet

Rtopatm

(4) 

The days were considered sunny when the insolation ratio exceeded 
0.65 and cloudy when it was lower than 0.45 [36]. 

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 street canyon 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 ra
diation 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 min) as this ratio may vary with 
the hour, date and location [61]. 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 (5). 

R10min− 0.65m− NV = PAR10min− 0.65m− NV ×
R10min− 2.1m− NV

PAR10min− 2m− NV
(5) 

R10min-0.65m – NV and R10min-2.1m – NV are the downward short wave
length 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 PAR10min-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. 

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 m a.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 (6) and (7). 

rinter.crownWW =
R0.65m− NV − R0.78m− WW

R0.65m− NV
(6)  

rinter.crownWR =
R0.65m− NV − R0.78m− WR

R0.65m− NV
(7) 

R0.78m – WW, R0.78m – WR and R0.65m – NV are the daily integral of the 
downward short wavelength radiation in MJ.m− 2.day− 1 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 rinter.crownWW and rinter.crownWR are the ratios of the daily integral 
of the short wavelength radiation intercepted by the crown of each 
vegetated zone (no unit). 

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 Bröde et al. [62] using a 6th order polynomial regression 
function included in the version a0.002 of the calculation program 
released in October 2009 by Peter Bröde. This indicator was chosen 
because it takes into account all microclimate variables and an advanced 
human physiological model which parameters have been described by 
Fiala et al. [63,64] and Jendritzky et al. [65]. UTCI also has the 
advantage to be valid for a wide range of climatic conditions. UTCI was 
calculated at 0.4 m a.g.l. on the basis of the measurements of air tem
perature, 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 (8) [66]. 

Tmrt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
Tg + 273.15

)4
+

1.06 × 108 × Va
0.58

ε × D0.42

(
Tg − Ta

)4

√

− 273.15 (8) 

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 (Fig. 3). Е and D are respectively the 
globe emissivity (0.95) and diameter (0.15 m), and Va is the wind speed 
measured in m.s− 1 at 0.4 m a.g.l with the 3D sonic anemometer between 
the vegetated and non-vegetated zone for inside street Tmrt assessment. 

2.3. Framework 

In the present work, the two processes involved in the climatic 

Fig. 4. Daily water inputs and outputs taken into account for the calculation of the water balance and daily tree transpiration (adapted from Mballo et al. [36]).  
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benefits of street trees were assessed during an 8-week water restriction 
alongside related variables (Fig. 5): tree transpiration alongside soil 
volumetric water content, stomatal conductance and air absolute hu
midity in section 3.1 and radiation interception alongside total leaf area 
and LAI in section 3.2. The respective contributions of both tree tran
spiration and radiation interception were assessed from an energetic 
point of view through an energy balance presented in section 3.3. 
Finally, the climatic benefits (air temperature and UTCI reduction) 
provided by both the WW and WR trees were compared in section 3.4. 

3. Results 

3.1. Impact of soil VWC on tree transpiration 

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 (Fig. 6). 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 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 behaviour was observed before the 
beginning of the water restriction. Starting from July 6th, the soil VWC 
decreased and quickly approached the permanent wilting point (approx. 
10 %). The small doses of water poured each day starting from July 7th 

enabled to maintain the VWC in the NR-AWS from July 6th and lower 
than 16 % at night after irrigation from July 14th with lower amplitudes 
of VWC variations compared to the WW zone. From August 15th, 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. 

Before the water restriction started, both vegetated zones were 
characterized by similar transpiration rates (Fig. 7a). The WR trees 
transpired on average 2.9 L.tree− 1.day− 1 and the WW trees 2.4 L.tree− 1. 
day− 1 which is slightly higher than the well-watered Malus Coccinella® 
‘Courtarou’ of comparable LAI (2.5 m2 m− 2) studied in 2020 by Mballo 
et al. [36] in the same experimental facility during a sunny day (2.0 L. 
tree− 1.day− 1) with a 0.5 mm lower reference evapotranspiration. At full 
scale, Caspari et al. [45] measured higher transpiration rates (from 3 to 
4.8 L.tree− 1.day− 1) for two well-watered 5-year old Asian pear trees 
(Pyrus serotine) but with trees having a higher leaf area (6 m2.tree− 1). 

The beginning of the water restriction led to a quick and strong 
reduction of the transpiration of the WR trees. From July 6th to August 
31st, the WR trees transpired on average 0.5 L.tree− 1.day− 1 which is 81 
% less than the WW trees (3 L.tree− 1.day− 1 on average). 

The daily average stomatal conductance of the central WW tree 
ranged from 5.7 to 12.1 mm.s− 1 and appeared to be influenced by the 
daily meteorological conditions (Fig. 7b). On July 5th and 12th, the 
reference evapotranspiration and the cumulated incident radiation were 
high (respectively 3.7 and 4.3 mm.day− 1 and 28.3 and 27.0 MJ.m− 2. 
day− 1) which led to a high stomatal conductance for the WW tree 
exceeding 10 mm s− 1. Conversely, the reference evapotranspiration and 
the incident radiation were low on July 28th and August 9th (respectively 
2.8 and 2.9 mm.day− 1 and 18.0 and 21.7 MJ.m− 2.day− 1) which led to a 
lower stomatal conductance of 5.7 and 6.5 mm.s− 1 respectively. July 
19th 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 5th (5.7 mm.s− 1 compared to 12.1 mm.s− 1) 
but the difference was statistically significant according to the Welch’s t- 
test only from July 12th when the stomatal conductance of the WR tree 
collapsed to 1.1 mm.s− 1 before remaining lower than 0.6 mm.s− 1 during 
the next measurement days. Such values are consistent with those 
already reported in the literature. Konarska et al. [48] measured midday 
stomatal conductance ranging from approximately 1.5 to 5 mm.s− 1 for 7 
species of street trees but could not control their access to water. Bréda 
et al. [67] measured approximately 8 mm.s− 1 for well-watered trees and 
1 mm.s− 1 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 
(Fig. 7c). Before the start of the water restriction, the average absolute 
humidity was 7.9 gwater.kgdry air

− 1 in the NV zone, 8.2 gwater.kgdry air
− 1 in the 

WW zone and 8.1 gwater.kgdry air
− 1 in the WR zone meaning that the 

average absolute humidity was 0.5 % lower in the WR zone compared to 
the WW one (see the evolution of the absolute humidity difference be
tween both vegetated zones in appendix C). Then, a noticeable differ
ence of air absolute humidity between the two vegetated zones appeared 
during the water restriction and reached its maximal value on July13th 

(day 8 of the water restriction). On that day, the average absolute hu
midity was 7.4 gwater.kgdry air

− 1 in the NV zone, 8.1 gwater.kgdry air
− 1 in the 

WW zone and 7.2 gwater.kgdry air
− 1 in the WR zone which means that the 

absolute humidity was 11.4 % lower in the WR zone compared to the 
WW one. 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. 

3.2. Impact of water restriction on leaf area and radiation interception 

The values of leaf area, crown projected area and LAI measured in 
both vegetated zones at the beginning and at the end of the water re
striction are presented in Table 1. The LAI measured in the WW and WR 
zones were close to those reported in other full-scale studies. Shahidan 
et al. [19] studied for instance Mesua ferrea L. and Hura crepitans L. with Fig. 5. Sketch representing the framework of the study.  
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Fig. 6. 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. 

Fig. 7. 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, (*): 0.1 ≥ p > 0.05, *: 0.05 ≥ p > 0.01, ***: 1.0e-3 ≥ p > 1.0e-4. (c) The absolute humidity 
calculated at 1.5 m a.g.l. Around noon (from 11:00 to 13:00 UTC) in the three zones of the street. 
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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 condi
tions. 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 1). 

Then, Fig. 8 presents the daily evolution of the portion of downward 
short wavelength radiation intercepted by the WW and WR trees 
calculated on the basis of the downward short wavelength radiation 
measured in the NV zone at 0.65 m a.g.l. as defined in section 2.2.5. Until 
July 5th, before the start of the water restriction, the WW and WR trees 
intercepted a similar portion of the radiation received at 0.65 m a.g.l. in 
the NV zone, respectively 82 % and 83 % (Fig. 8). Such results were 
found to be consistent with full scale results such as those from Shahidan 
et al. [19] who found from 79 % to 93 % radiation interception with the 
range of LAI mentioned hereinabove. 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 25th). 

3.3. Energy balance approach 

Following the methodology reported by Mballo et al. [36], the sum of 
the daily amount of short wavelength radiation intercepted (section 
2.2.5) and the daily amount of energy consumed by the evaporation of 
the transpired water (section 2.2.2) was considered as a daily amount of 
energy dissipated by the trees and graphed in Fig. 9. 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. 
The average total amount of energy dissipated by both vegetated 

zones were very close from July 1st to 5th (20.3 MJ.m− 2.day− 1 with 5.7 
MJ.m− 2.day− 1 (29 %) attributed to transpiration for the WW zone 
compared to 21.6 MJ.m− 2.day− 1 dissipated in total by the WR zone with 
6.7 MJ.m− 2.day− 1 (32 %) attributed to transpiration). Mballo et al. [36] 
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. 

In the WW zone, the total amount of energy dissipated by the trees 
remained on average close to 17.3 MJ.m− 2.day− 1 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− 1 (average from July 1st to 5th) to 
10.9 MJ.m− 2.day− 1 (average during August 2022) and most of this 
reduction was attributed to the reduction of the WR trees transpiration 
(− 6 MJ.m− 2.day− 1). In August 2022, the total amount of energy dissi
pated 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. 

3.4. 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 (Fig. 10) as the maximum climatic benefits provided by the 
well-watered trees were measured at solar noon by Mballo et al. [36] in 
this street canyon. The differences between the WR zone and the WW 
zone (WR zone - WW zone) were also calculated and graphed in Fig. 10c. 

From July 1st to 5th (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 0.9–1 ◦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 [26] to 
more than 5 ◦C [27]) and are consistent with the maximum 2.7 ◦C 
reduction measured at midday by Mballo et al. [36] 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 1st to 5th, 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 [30] and with 
the 8 ◦C UTCI reduction measured at midday during a sunny day by 

Table 1 
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 
(m2. 
tree− 1) 

Crown 
projected 
area (m2) 

LAI 
(m2. 
m− 2) 

Leaf 
area 
(m2. 
tree− 1) 

Crown 
projected 
area (m2) 

LAI 
(m2. 
m− 2) 

July 
7th, 
2022 

2.6 
(±0.2) 

1.1 2.4 
(±0.2) 

2.5 
(±0.2) 

1.1 2.4 
(±0.2) 

August 
27th, 
2022 

4.4 
(±0.3) 

1.3 3.3 
(±0.2) 

1.8 
(±0.0) 

1.0 1.7 
(±0.0)  

Fig. 8. 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. 
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Fig. 9. 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. 

Fig. 10. 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 (9–26 ◦C UTCI, 
green), moderate heat stress (26–32 ◦C UTCI, yellow), high heat stress (32–38 ◦C UTCI, orange), very high heat stress (38–46 ◦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. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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Mballo et al. [36] under well-watered trees in the present street canyon. 
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 18th 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 
30th) can be noticed between both vegetated zones. 

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 [36,37,68] or during a preliminary study 
[50] 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. In this sec
tion, we discuss how the present study highlights the effect of a water 
restriction first on tree transpiration and radiation interception, then on 
the respective contributions of both processes from an energetic point of 
view and finally on the climatic benefits provided by street trees. Some 
limitations of the present experimental facility are also discussed and 
propositions to deepen the analyses are made. 

The WW trees were not limited by water availability, allowing an 
increase over time of their leaf area, crown projected area and LAI as 
well as of their radiation interception ratio and transpiration (4 L.tree− 1. 
day− 1 during the very last days of August compared to 2.4 L.tree− 1. 
day− 1 in the beginning of July). However, even though on-site obser
vations 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. Chen et al. [34] 
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 
relative contribution of transpiration to the climatic benefits. 

Conversely, the WR trees transpiration was strongly and quickly 
reduced: it reached 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 (Fig. 7) which recalls the 
findings of Caspari et al. [45] and Tan et al. [46] mentioned in the 
introduction section. 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. Such 
results were very consistent with the quick partial closure of the WR 
trees stomata, also observed by Konarska et al. [48] and Gebauer et al. 
[47] during dry periods, as well as the decreasing amount of water 
vapour measured into the atmosphere of the WR tree crowns (Fig. 7). 
The crown projected area of the WR trees remained almost constant 
during the studied period suggesting that the crown stopped expanding 
horizontally early in the summer, meanwhile the leaf area and the LAI 
decreased (29 % reduction for the LAI), likely due to partial defoliation 

observed on-site (Table 1), which was consistent with the results of 
Dervishi et al. [49] who found lower foliage density for water-restricted 
trees compared to well-watered ones. Such LAI reduction led to a 
decrease of their radiation interception ratio (Fig. 8) on average from 83 
% to 76 % (8 % reduction) which recalls the relationship between LAI 
and radiation interception highlighted by Shahidan et al. [19]. 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 con
ditions (Fig. 9). 

Nevertheless, the WR zone kept providing noticeable climatic ben
efits until the end of the studied period in spite of the lack of water, 
mainly because it maintained its shading potential. 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 (Fig. 10) which is almost negligible 
compared to the sensors accuracy (±0.2 ◦C, see Table A1). The net 
difference of UTCI increased by approximately 1 ◦C, which is noticeable 
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). 

Tree transpiration was much more impacted by the water restriction 
than radiation interception. Yet, the lower contribution of tree transpi
ration to energy dissipation may explain the low climatic impact of the 
water restriction observed between both vegetated zones. Also, the 
transpiration-related energy dissipation is located at the leaves surface 
right where the transpiration occurs. Yet, the assessment of the climatic 
benefits of the trees was carried out under the tree crowns at 0.4 m a.g.l. 
(equivalent human height). At this location, the cooling effect of the 
evaporation of the transpired water is likely to be lower than inside the 
tree crowns where the latent heat flux takes place, which may explain 
the low impact of the water restriction on air temperature. 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 
interception of the incident radiation, which prevents the street surfaces 
from overheating, than to the evaporation of the transpired water. 

The thermal comfort index (UTCI) relies on the measurement of 
globe temperature (through the mean radiant temperature) which is 
very sensitive to short wavelength radiation. Thereby, the LAI reduction 
observed in the WR zone, which caused the slight decrease of radiation 
interception, is very likely to have induced an increase of globe tem
perature (data not shown) in this zone causing the UTCI difference in
crease between both vegetated zones. Indeed, a lower foliage density 
was already related to a lower cooling potential of trees especially 
regarding human thermal stress mitigation [69]. Yet, it is likely that the 
decrease of radiation interception in the WR zone was too low to induce 
a significant increase of the ground surface temperature and of the 
sensible convective heat transfers which would have led to a noticeable 
increase of air temperature in the WR zone. This suggests that preserving 
the shadows cast by the trees is essential to prevent human thermal 
stress from increasing during a water restriction. 

Yet, the present results have to be considered in the frame of the 
limitations associated to the present experimental facility. This reduced 
scale facility enabled to perform continual monitoring and to guaranty 
the homogeneity of some parameters such as building heights and sur
face materials. However, the three studied zones of the present street 
were located close from each other which is why some interactions may 
exist between them although some precautions were taken to limit these 
eventual interactions as explained in section 2.1 (orientation of the 
street perpendicular to the prevailing winds, meteorological sensors 
mounted at the centre of each zone). For instance, the WR zone being 
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located right next to the NV zone, the overheating of the NV zone may be 
transferred from the NV zone to the WR zone. However, the effect of 
such interactions were very likely to be low as shown by a previous study 
performed in the same experimental facility in the frame of the work of 
Mballo [70] which showed that the microclimate differences between 
the vegetated and non-vegetated zones of the street were not affected by 
wind direction by comparing 12 sunny days with contrasted wind speeds 
and directions. 

The comparison of the results with full-scale studies is also not 
trivial. However, Mballo et al. [36] have already brought various an
swers to this aspect and the present results were found to be consistent 
with various full-scale studies, as shown in the results section. 

Also, 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 sur
rounding 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 (Fig. 9). 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 up
ward 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 radi
ation 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, espe
cially as different tree species could have contrasted architectures and 
responses [17,71]. 

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 non-readily available water storage) on the climatic benefits of 
street trees in a 1/5 scale street canyon. 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. be
tween 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 differ
ences 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 (surface temperatures, long 
wavelength radiation fluxes, etc.) 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. Such results could enable to improve the 
accuracy of the numerical models which are increasingly used to assess 
the effect of trees on the urban climate but to date do not take into ac
count water stress. The present work 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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Appendix A. Characteristics of the sensors  

Table A1 
Characteristics of the sensors used for the experiment. Data-loggers were used to scan all sensors every 10 s and record average values every 10 min (n.c. = not 
communicated).  

Measured variable Sensor type Measurement range Accuracy Reference, manufacturer 

Volumetric water content (VWC) Capacitive probe 0–100 % ±2 % (±0.02 cm3/cm3) EC-5, Decagon 
Water matric potential Tensiometer 0 to − 0.1 MPa ±0.2 % STCP 850, SDEC 
Air temperature Platinum − 40 to +60 ◦C ±0.2 ◦C HMT330 and HMP110, Vaisala 
Air relative humidity Capacitive 0–100 % ±1.5 % for HR ≤ 90 % HMT330 and HMP110, Vaisala 
Globe temperature Platinum − 5 to +95 ◦C ±0.15 + 0.002 × T (◦C) PT100, RS Pro 
Net radiation Net radiometer n.c. ±10 % on daily sum NR Lite, Kipp&Zonen 
Short and long wavelength radiation 4 components Net radiometer n.c. ±10 % on daily sum CNR1, CNR4, Kipp&Zonen 
Short wavelength radiation Pyranometer n.c. ±10 % on daily sum CMP3, Kipp&Zonen 
Photosynthetically active radiation Radiometer 400–700 nm ±1 % LI-190SA, 

Li-Cor 
Wind speed and direction 2D sonic anemometer 0–60 m.s− 1 

0–359◦

±2 % (at 12 m.s− 1) 
±3◦ (at 12 m.s− 1) 

Mc Gill Windsonic 

Wind speed and direction 3D sonic anemometer 0–30 m.s− 1 

0–359◦

±0.08 m.s− 1 

±0.7◦ (at 1 m.s− 1) 
CSAT-3D, Campbell Scientific  

Appendix B. Meteorological conditions of the studied period

Fig. B1. 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. 

Appendix C. Absolute humidity difference between both vegetated zones 

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 C1). 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 13th (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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Fig. C1. Evolution during July and August 2022 of 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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