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Highlights 

 Radiation, evapotranspiration, and roughness effects of urban trees are separated 

 Tree-radiation interaction increases/decreases urban canopy air/surface temperature 

 Tree evapotranspirative cooling could be limited at high vapour pressure deficits 

 Dense tree canopies can reduce aerodynamic roughness and increase air temperature 

 Night-time tree effects can be influenced by differences in atmospheric stability 

 

Abstract 

Increasing urban tree cover is an often proposed mitigation strategy against urban heat as trees 

are expected to cool cities through evapotranspiration and shade provision. However, trees also 

modify wind flow and urban aerodynamic roughness, which can potentially limit heat 

dissipation. Existing studies show a varying cooling potential of urban trees in different 

climates and times of the day. These differences are so far not systematically explained as 

partitioning the individual tree effects is challenging and impossible through observations 

alone. Here, we conduct numerical experiments removing and adding radiation, 

evapotranspiration, and aerodynamic roughness effects caused by urban trees using a 
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mechanistic urban ecohydrological model. Simulations are presented for four cities in different 

climates (Phoenix, Singapore, Melbourne, Zurich) considering the seasonal and diurnal cycles 

of air and surface temperatures. 

Results show that evapotranspiration of well-watered trees alone can decrease local 2 m air 

temperature at maximum by 3.1 – 5.8°C in the four climates during summer. Further cooling 

is prevented by stomatal closure at peak temperatures as high vapour pressure deficits limit 

transpiration. While shading reduces surface temperatures, the interaction of a non-transpiring 

tree with radiation can increase 2 m air temperature by up to 1.6 – 2.1°C in certain hours of the 

day at local scale, thus partially counteracting the evapotranspirative cooling effect. 

Furthermore, in the analysed scenarios, which do not account for tree wind blockage effects, 

trees lead to a decrease in urban roughness, which inhibits turbulent energy exchange and 

increases air temperature during daytime. At night, single tree effects are variable likely due to 

differences in atmospheric stability within the urban canyon. These results explain reported 

diurnal, seasonal and climatic differences in the cooling effects of urban trees, and can guide 

future field campaigns, planning strategies, and species selection aimed at improving local 

microclimate using urban greenery. 

 

Keywords: Urban climate, ecohydrology, evapotranspirative cooling, land-atmosphere 

interactions, urban greenery, nature based solutions 

 

1. Introduction 

The increase of vegetation in cities is often promoted by urban planners and policy-makers to 

increase liveability and solve environmental challenges imposed by urbanization (Pataki et al., 

2011). Urban greenery provides multiple ecosystem services, such as climate regulation 

(Bowler et al., 2010; Konarska et al., 2016; Manoli et al., 2019), storm water retention (Berland 

et al., 2017), improved biodiversity (Grimm et al., 2008), and cultural, aesthetic, and health 

benefits (Salmond et al., 2016; Willis & Petrokofsky, 2017; Ng et al., 2018). Urban vegetation 

consisting of lawns, shrubs, trees, forests, and green roofs and facades all provide unique 

ecosystem services (Tan et al., 2014; Ossola et al., 2016; Mexia et al., 2018; Fung & Jim, 2019; 

Richards et al., 2020) but in particular, the increase in urban tree cover is encouraged to 

improve the outdoor thermal comfort of city dwellers (Shashua-Bar et al., 2011; Morakinyo et 

al., 2017), as well as decrease building energy consumption for indoor cooling (Wang et al., 

2016). 

Many measurement as well as modelling studies analyse the effects of tree cover on urban air 

temperature, however with mixed results (Table 1). Daytime air temperature cooling with 

varying magnitude is reported by a number of authors. For example, Ziter et al. (2019) find an 

air temperature decrease of 0.7°C – 1.5°C for a maximum tree cover increase in Madison, 

Wisconsin at a radius of 10 – 90 m, while Konarska et al. (2016) measure an average daytime 

air temperature reduction of 0.5°C – 1°C due to trees within street canyons in Gothenburg, and 

Shashua-Bar et al. (2009) report air temperature cooling of up to 1.7°C within a back lane with 

trees in the Negev Highlands, Israel. Similarly, model simulations by Middel et al. (2015) show 

a rather large air temperature decrease of 2°C for a tree canopy increase from 10% to 15% in 

Phoenix, Arizona. In contrast, Coutts et al. (2016) measured only a marginal air temperature 

reduction at high tree cover at street canyon level in Melbourne, and Armson et al. (2013) find 
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no significant air temperature differences in the sun or shade of street trees in the city of 

Manchester, UK. Interestingly, Shashua-Bar et al. (2009) even measured a daytime air 

temperature increase due to a shading mesh over a street canyon in the Negev Highlands, which 

could be attributed to the radiation and aerodynamic effects of non-transpiring street tree-like 

structures. Authors analysing the night time air temperature effects of urban trees also report 

diverging findings, with observed night time warming (Shashua-Bar et al., 2009; Konarska et 

al., 2016; Rahman et al., 2017) as well as cooling (Rahman et al., 2019; Ziter et al., 2019). 

The contrasting effects of urban trees on air temperature are likely caused by differences in 

methodological approaches, spatial (tree vs. neighbourhood vs. city scale) and temporal scales 

(hourly vs. daily vs. seasonal) of observation, modelling assumptions, and baseline climate, but 

so far there is no clear explanation for such discrepancies. Furthermore, changes in air 

temperature due to tree cover are not uniform throughout the day but vary on sub-daily 

timescales with a stronger temperature decrease observed and simulated during morning or 

afternoon hours than during midday (Shashua-Bar et al., 2009; Morakinyo & Lam, 2016; 

Salmond et al., 2016). Understanding the diurnal cycle of air temperature change caused by 

trees is important to accurately assess their cooling potential during the hottest hours of the day 

or at times when it is most needed, e.g., because of prevalent outdoor activities.  

 

Table 1: Examples of contrasting tree effects on urban air temperature during day- and night 

reported by studies based on field observations in different cities. 

City Spatial scale 
ΔTair,day 

(°C) 

ΔTair,night 

(°C) 
Reference 

Madison, 

Wisconsin 

Radius 10 / 30 / 

60 or 90 m 

-0.7 / -1.3 

/ -1.5 
- 0.3 to -0.5 (Ziter et al., 2019) 

Beijing city Woodland patch 
-0.7 to -

5.7 
 (Jiao et al., 2017) 

Gothenburg Street canyon -0.5 to -1 +0.2 to +0.6 (Konarska et al., 2016) 

Negev 

Highlands 
Street canyon -1.7 > 0 

(Shashua-Bar et al., 

2009) 

Melbourne Street canyon 0*  (Coutts et al., 2016) 

Dresden 
Within tree 

canopy 

-0.8 to -

2.2 
 (Gillner et al., 2015) 

Munich 
Within tree 

canopy 

-0.9 to -

1.6 
-0.3 to -0.4 (Rahman et al., 2019) 

Munich 
Within tree 

canopy 
max -3.5 +0.5 (Rahman et al., 2017) 

Munich Within tree shade 
-0.7 to -

0.8 
 (Rahman et al., 2017) 

Manchester Within tree shade 0*  (Armson et al., 2013) 

Negev 

Highlands 

Shade mesh in 

street canyon 
1  

(Shashua-Bar et al., 

2009) 

*no significant effects 

 

Studies explaining the mechanisms through which urban trees modify the diurnal evolution of 

air temperature are fragmented. Trees alter the urban climate due to several effects, such as 
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their interaction with radiation, which leads to shading and cooling of surfaces (e.g., Armson 

et al., 2013; Middel et al., 2016; Upreti et al., 2017). Tree evapotranspiration uses part of the 

absorbed radiation energy resulting in evaporative cooling effects (Konarska et al., 2015, 2016; 

Rahman et al., 2018), which might be limited though by environmental factors, such as water 

availability. Furthermore, the tree structure blocks wind flow due to drag effects (Manickathan 

et al., 2018; Zölch et al., 2019) and alters the aerodynamic roughness of the urban fabric 

(Giometto et al., 2017; Kent et al., 2017). Assessment of only one of the aforementioned tree 

effects on urban climate, such as shade provision by trees, is common in simulation studies 

(e.g., Wang et al., 2016; Upreti et al., 2017; Wang et al., 2018) because of the complexity of 

resolving all tree-urban climate interactions at large spatial scales. On the other hand, 

observational studies that partition the different effects of trees on local climate are scarce, 

since it is experimentally challenging or even impossible to remove one of these effects without 

affecting the others. On a single tree level, Tan et al. (2018) measured the relative contribution 

of tree shading and transpiration to air temperature decrease using a set of potted trees subject 

to different water withholding treatments. However, measurements by Tan et al. (2018) were 

in close proximity of single trees and are difficult to extrapolate to integrated urban canyon air 

temperature. 

In this study, we describe the diurnal patterns of canopy layer air and surface temperature 

changes caused by trees at the street canyon level, with the aim of disentangling the different 

tree effects on urban microclimate, and explain the discrepancies reported in the literature for 

varying climates and times of the day. To achieve this, we partition the radiation, 

evapotranspiration, and roughness effects of urban trees, and quantify their individual and 

combined impacts on the 2 m and above tree canopy air temperature, as well as urban surface 

temperatures by means of numerical experiments run with the recently developed urban 

ecohydrological model, Urban Tethys-Chloris (UT&C) (Meili et al., 2020a) in four cities 

characterized by distinct climates (Phoenix, USA, Singapore, Singapore, Melbourne, Australia, 

and Zurich, Switzerland). 

2. Methods 

2.1 Model description 

The mechanistic urban ecohydrological model Urban Tethys-Chloris (UT&C) is a combination 

of an urban canyon scheme and an ecohydrological model and it is solving the energy and 

water budget on a neighbourhood scale (Meili et al., 2020a). UT&C calculates urban air and 

surface temperatures, air humidity and soil moisture, as well as the urban energy and 

hydrological fluxes in the absence of snow. UT&C is able to simulate urban tree cover, short 

ground vegetation, and green roofs taking into account plant biophysical and ecophysiological 

characteristics. The model includes the interaction of trees with radiation, tree 

evapotranspiration, and the tree influence on the aerodynamic roughness and displacement 

height.  

UT&C is especially suited and, therefore, chosen for this study due to its mechanistic 

representation of plant evapotranspiration, which is often simplified in urban canopy models 

(e.g. Krayenhoff et al., 2020; Mussetti et al., 2020), and its inclusion of a physical tree structure 

within the urban canyon that directly interacts with radiation as described below. One further 

advantage of UT&C, compared to other models (e.g. Manickathan et al., 2018), is its low 
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computational demand, which allows to run multiple scenarios at an hourly time step for the 

duration of a year (or longer) thus facilitating analysis on diurnal and seasonal timescales. 

UT&C assumes an infinite two-dimensional urban canyon with two uniform rows of street 

trees that interact with direct shortwave radiation through shadow cast and with diffuse 

shortwave and longwave radiation through the modification of sky-view factors. The model 

calculates infinite shortwave and longwave radiation reflections within the urban canyon 

including tree crowns using reciprocal view factors between the surfaces, and the surfaces and 

the sky. Sky-view factors and surface-view factors are calculated with a Monte-Carlo ray 

tracing algorithm. Tree transmissivity for direct shortwave radiation is calculated as a function 

of leaf area index (LAI) and an optical transmissivity coefficient (Meili et al., 2020b). 

However, it is not accounted for in the view factor calculation used in the diffuse radiation 

exchange. Note, that this can potentially overemphasize longwave radiation trapping at night. 

Furthermore, UT&C does not account for radiation effects at street crossings. 

Transpiration of trees and short ground vegetation, e.g. grass, is simulated with a biochemical 

model of photosynthesis taking into account environmental factors such as photosynthetic 

active radiation, vapour pressure deficit, and soil moisture accessed by plant roots. 

Transpiration is calculated separately for sunlit and shaded canopy fraction which are modelled 

as a function of LAI and a simplified optical transmissivity of the canopy (Meili et al., 2020b). 

Interception of water on the vegetation canopy is modelled with a mass budget approach 

following the Rutter model (Rutter et al., 1971, 1975; Ivanov et al., 2008; Fatichi et al., 2012a, 

2012b). After rain events, vegetation canopies are partially water covered and evaporation from 

interception is calculated for the water covered canopy fraction, while transpiration is 

calculated for the dry canopy fraction. Water covered and dry canopy fractions are calculated 

according to Deardorff (1978). In all the simulations of this study, vegetation is well watered, 

in order to ensure that no water stress occurs as to quantify the maximum possible tree 

evapotranspiration effects. 

UT&C calculates aerodynamic roughness and displacement heights according to the 

parametrizations of Kent et al. (2017) for staggered arrays, which include the effects of trees 

in the turbulent exchange of energy in urban canyons. The inclusion of a dense and short tree 

canopy within an urban canyon can smooth the overall city structure and therefore, reduce 

urban roughness leading to a reduction of energy exchange efficiency from within the urban 

canyon to the atmosphere, while tall trees can cause the opposite effect (Giometto et al., 2017; 

Kent et al., 2017). The wind profile is parametrized using the aforementioned urban roughness 

and displacement heights (Macdonald et al., 1998; Kent et al., 2017). However, the current 

version of UT&C does not include wind blockage by trees within the urban canyon. 

Furthermore, the bulk parameterization of UT&C does not allow to calculate the alteration of 

the three dimensional wind field within the urban canyon due to trees as could be done with  

computational fluid dynamics models, such as the one presented by Manickathan et al. (2018). 

Hence, wind blockage and three dimensional wind effects are not analysed. Note, that 

simplifications such as this, as well as the two-dimensional radiation geometry reduce the 

computational demand and allow for the aforementioned analysis of multi-year time spans. 

UT&C is currently not coupled to a mesoscale meteorological model such as the Consortium 

for Small-scale Modelling (COSMO) (Rockel et al., 2008; Mussetti et al., 2020) or the Weather 

Research and Forecasting model (WRF) (Skamarock et al., 2008; Wang et al., 2018), and we 
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force the model with hourly meteorological data over the period of one year for each selected 

city (Sect. 2.3). Hence, the results analyse the local tree effects on the urban canopy layer air 

temperatures and surface temperature but do not account for the mesoscale feedbacks. The full 

technical description of UT&C can be found in Meili et al. (2020a) and the accompanying 

technical reference material. 

2.2 Numerical experiments 

UT&C accounts for the interaction of urban trees with radiation (Rad), tree transpiration (T) 

and evaporation from intercepted water on the tree canopy (E) summarized as 

evapotranspiration (E + T = ET). It further accounts for the influence of the tree structure on 

the urban aerodynamic roughness, which influences the wind profile and the turbulent 

exchange of energy (WT). 

A set of five experimental scenarios (Table 2) were designed to partition the aforementioned 

tree effects on air and surface temperatures, relative humidity, and energy and water fluxes. 

Scenario A includes all the combined effects of trees (Rad + ET + WT) on urban climate. 

Scenarios B, C, and D use the same urban geometry and material/vegetation parameters as 

scenario A (see Sect. 2.3) but some processes are switched off to isolate the different tree 

effects. Specifically, tree evapotranspiration is switched off (ET = 0) in scenario B; the effects 

of the tree structure on the urban roughness is excluded in scenario C, and in scenario D, both 

tree evapotranspiration and trees’ roughness alteration are omitted, only accounting for 

interactions between tree structure and radiation. Finally, scenario E represents the same urban 

set-up as A-D, but without tree cover to eliminate any tree effect. Note, a scenario including 

tree evapotranspiration and roughness effects but excluding the tree radiation interactions is 

omitted on purpose. Such a scenario would violate the energy budget as tree transpiration uses 

radiation energy, which simultaneously would also reach the ground, if tree structural effects 

on radiation were excluded. Furthermore, note, that while tree evapotranspiration is turned off 

in certain scenarios, the evapotranspiration from grass underneath the tree cover, and soil 

evaporation are kept active in all scenarios and 55 % of the ground area within the canyon is 

assumed grass covered (Table Error! Reference source not found.). 

 

 

 

Table 2: Simulation scenarios to partition the tree-radiation (Rad), tree evapotranspiration 

(ET), and urban aerodynamic roughness alteration effects of trees (WT) on the urban 

microclimate and energy and water fluxes. All scenarios refer to a compact low-rise local 

climate zone (LCZ3) (Stewart & Oke, 2012) as described in Sect. 2.3. 

Scenario Description Tree processes considered 

A LCZ 3 with Trees Rad WT ET 

B LCZ 3 with (Tree – ET) Rad WT  

C LCZ 3 with (Tree – WT) Rad  ET 

D LCZ 3 with (Tree – ET – WT) Rad   

E LCZ 3 no Tree    
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The individual tree effects (Rad, ET, WT) can be calculated subtracting the results of the 

different scenarios as summarized in Table 3. For example, the total effect of tree cover on the 

urban climate is calculated by subtracting the results of scenario E (urban canyon without trees) 

from the results of scenario A (urban canyon with trees), while the impact of tree 

evapotranspiration is quantified by subtracting the results of scenario B (tree without ET) from 

the results of scenario A (all three effects included). As shown in Table 3, the effects of tree 

evapotranspiration and urban roughness alteration can be also calculated subtracting different 

scenarios (i.e., C–D and B–D). These additional options are used to verify that the identification 

of individual effects does not differ significantly when different simulations are considered, 

which is indeed confirmed (not shown here). Furthermore, the individual tree effects are likely 

not completely additive as there is some nonlinear coupling and interactions among them. For 

example, a highly transpiring tree canopy will be cooler than non-transpiring one and therefore, 

might interact differently in the urban energy exchange. To check the magnitude of these 

nonlinearities, the three single effects are summed up and compared to the total tree effect in 

Fig. 2. 

Table 3: Calculation of total tree effects (ET + WT + Rad), tree evapotranspiration effects 

(ET), urban roughness alteration effects by trees (WT), and tree-radiation effects (Rad) on the 

urban canopy-layer climate by subtracting simulations of scenarios A to E. Table 2 describes 

the corresponding simulation set-up of scenario A to E.  

Modification due to  First Option Second Option 

Tree (ET + WT + Rad) A - E  

Tree evapotranspiration (ET) A - B C - D 

Urban roughness alteration caused by tree structure (WT) A - C B - D 

Tree-radiation interaction (Rad) D - E  

 

2.3 Urban characteristics and climate  

The radiation, evapotranspiration, and urban roughness effects associated to urban trees are 

analysed for a compact low rise urban setting, which is defined using representative values of 

local climate zone 3 (LCZ3) according to Stewart & Oke (2012). The tree effects are analysed 

for 20 %, 40 %, 60 %, and 80 % tree plan area fraction within the canyon with temporally 

constant LAI for Phoenix, Singapore, and Melbourne, and seasonally varying LAI for Zurich 

(Table Error! Reference source not found.). Tree LAI refers to the leaf area per ground area 

immediately underneath the tree canopy. LAI is assumed identical in all the four tree cover 

fraction scenarios, i.e., only the planar tree cover extent changes but not the canopy thickness. 

The height of the tree’s top is kept constant, as well as the distance between tree’s crown and 

nearest wall. The urban and tree geometry is illustrated in Fig. 1. The urban geometry, material, 

soil, interception, and site specific vegetation parameters, as well as the anthropogenic heat 

input, are summarized in Tables Error! Reference source not found. - Error! Reference 

source not found.. Street orientation is chosen to be east-west. We also analysed the north-

south orientation for each scenario, but these showed only minor differences in the results and 

are thus not further discussed (Error! Reference source not found.). A tree cover of 80 % 

within the canyon might not be a realistic scenario, but it is chosen to illustrate the maximum 

potential effects that could be expected. 
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Figure 1: Modelled urban geometry with a) 20 %, b) 40 %, c) 60 %, and d) 80 % tree cover 

within the urban canyon of a compact low-rise residential neighbourhood (LCZ3). T2m denotes 

the location of the 2 m air temperature and Tcan the location of the air temperature at the 

canyon displacement height plus canyon roughness length (hdisp,can + z0,m,can), which happens 

to be above the tree canopy. Hcan denotes the canyon height, Wcan the canyon width, and Ht 

the tree canopy height 

The tree effects are analysed in four cities with distinctively different climates: Phoenix, 

Singapore, Melbourne, and Zurich over the period of one year. To specify the background 

climatic forcing, UT&C requires meteorological input time series above building height, which 

were present in Phoenix, Singapore, and Melbourne. The meteorological input forcing in 

Zurich was measured at 2 m height (10 m for wind speed) (Mussetti et al., 2019), which 

introduces a degree of uncertainty in the absolute simulated air temperature at 2 m height in 

the Zurich scenario. Direct and diffuse shortwave radiation, longwave radiation, air 

temperature, humidity, wind speed, precipitation, and air pressure measured at meteorological 

stations, which are described in the following, are used for the purpose of model forcing. 

Phoenix experiences a hot arid subtropical desert climate (Köppen classification: BWh) with 

very high summer temperatures and cooler winter temperatures (Chow et al., 2014). Relative 

humidity is low as well as the yearly precipitation amount, namely 101 mm y-1 during the one-

year simulation period. The meteorological data used to force the model simulations for 

Phoenix were measured in the suburb of Maryvale (33° 29’ 2’’ N, 112° 8’ 35’’ W, 337 m a.s.l.), 

which is classified as an “open low rise” local climate zone (LCZ6) (Chow et al., 2014). 

Singapore experiences high air temperature, high humidity and abundant rainfall (data mean 

of 1840 mm y-1) year round typical of a tropical rainforest climate (Köppen classification: Af) 

(Velasco et al., 2013; Roth et al., 2017). The meteorological data used to force the model 

simulations for Singapore were measured in Telok Kurau (1° 18’ 51’’ N, 103° 54’ 40’’ E, 

10 m a.s.l.), which is classified as a “compact low rise” local climate zone (LCZ3) (Velasco et 

al., 2013; Roth et al., 2017). Melbourne has a temperate oceanic climate (Köppen classification: 

Cfb) (Sturman & Tapper, 2006) with warm summers and mild winters. The yearly rainfall 

amount is low to moderate with 612 mm y-1 during the simulation period. The meteorological 

data used to force the model simulations in Melbourne was measured in the suburb of Preston 

(37° 49’ S, 144° 53’ E, ~93 m a.s.l.), which is classified as an “open low rise” local climate 

zone (LCZ6) (Coutts et al., 2007a, 2007b). Zurich has as a mixture of an oceanic climate 

(Köppen classification: Cfb) and a humid continental climate (Köppen classification: Dfb) with 

four distinct seasons (Mussetti et al., 2019). The yearly rainfall amount is moderate with 

1287 mm y-1 during the simulation period. The meteorological data used to force the model 

simulations in Zurich was measured in the city district Fluntern by the Swiss meteorological 

services (47° 22’48’’ N, 8° 34’12’’ E, 556 m a.s.l., Meteo Swiss, 2020), which is classified as 

an open low rise zone (LCZ 6) (Mussetti et al., 2019). The detailed description of the 
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meteorological measurement campaign in Maryvale Phoenix can be found in Chow et al. 

(2014), in Telok Kurau Singapore in Velasco et al. (2013) and Roth et al. (2017), and in Preston 

Melbourne in Coutts et al. (2007a, 2007b). The total simulation period in each location is one 

year at hourly time steps with meteorological data from mid Dec. 2011 to mid-Dec. 2012 in 

Phoenix, May 2013 to April 2014 in Singapore, mid Aug. 2003 to mid Aug. 2004 in Melbourne, 

and the year 1981 in Zurich. 

The UT&C model performance was previously assessed with tower based eddy-covariance 

measurements using the same meteorological forcing data as described above in Phoenix, 

Singapore, and Melbourne in low rise urban climate zones (LCZ3 and LCZ6, see above). The 

model validation, presented in Meili et al. (2020a), showed agreement between simulations and 

measurements, with metrics of performance in line or better than other modelling studies for 

these locations (e.g., Grimmond et al., 2011; Demuzere et al., 2017; Harshan et al., 2017; Nice 

et al., 2018). Specifically, coefficients of determination (R2) were >0.99 for net radiation in all 

three sites. R2 was 0.94, 0.90, and 0.92 for sensible heat, and 0.60, 0.62, and 0.50 for latent heat 

in Singapore, Melbourne, and Phoenix, respectively (Meili et al., 2020a). Root mean square 

errors (RMSE) were 20.8, 9.5, and 12.5 Wm-2 for net radiation, 23.5, 36.6, 27.4 Wm-2 for 

sensible heat, and 28.1, 26.8, and 19.5 Wm-2 for latent heat in Singapore, Melbourne, and 

Phoenix, respectively (Meili et al., 2020a). UT&C has not been compared against 

measurements in Zurich due to the lack of flux tower data. However, the hydrological and 

vegetation processes implemented in UT&C are based on the ecohydrological model Tethys-

Chloris (T&C) (Fatichi et al., 2012a, 2012b), which has been validated in many studies before 

(e.g., Paschalis et al., 2015; Mastrotheodoros et al., 2017; Manoli et al., 2018; Marchionni et 

al., 2020) including for Swiss lowland climate and biomes (Fatichi et al., 2014). 

2.4 Analysis 

First, the tree-radiation, evapotranspiration, and urban roughness effects caused by urban trees 

are individually quantified for the three hottest months of the year in Phoenix and Zurich (June 

to August), and Melbourne (December to February), and for the whole year in Singapore (Sect. 

3.1). The three hottest months are selected for Phoenix, Melbourne, and Zurich as this is likely 

the time period when cooling is most needed, and the radiation and evapotranspiration effects 

are, a priori, expected to be largest. The complete one-year period is analysed in Singapore due 

to its low intra-annual climate variability with continuous high air temperature and humidity 

(Sect. 2.3). The magnitude of the effects along the diurnal course is analysed through changes 

of 2 m air temperature (ΔT2m) below the tree canopy, changes of air temperature at a reference 

canyon height (ΔTcan) above the tree canopy (i.e., the displacement height plus roughness 

length (hdisp,can + z0,m,can), Table Error! Reference source not found.), and changes of area 

averaged wall and ground surface temperature (ΔTs,ave). The location of T2m and Tcan are 

displayed in Fig. 1. The location of Tcan changes slightly with tree cover amount due to changes 

in hdisp,can and z0,m,can, but the differences in hdisp,can + z0,m,can are minimal (Table Error! 

Reference source not found.). Furthermore, the energy exchange between the canyon and 

overlying atmosphere, the integrated surface energy fluxes, and the aerodynamic and stomatal 

resistances are analysed to explain the physical mechanisms underlying the various effects. 

Second, the seasonal and diurnal impact of trees on T2m is analysed to determine the role of 

climatic differences on the expected tree benefits (Sect. 3.2) using the full simulation year, with 

the exception of time steps with atmospheric forcing temperature Tatm below 5°C as the current 

Jo
ur

na
l P

re
-p

ro
of



10 
 

version of UT&C does not include snow conditions. Furthermore, only time periods with a LAI 

larger than 0.5 are used in Zurich, where LAI varies seasonally as to avoid completely 

defoliated trees due to model limitations in handling radiation transmission in these conditions 

(Sect. 2.1). 

Third, the distribution of ΔT2m is analysed using only hourly values for periods with air 

temperature higher than a given threshold to determine the cooling potential of trees at peak 

temperatures (Sect.  

3.3). The threshold for high air temperature is determined as the 90th percentile of T2m in an 

urban canyon without trees considering the entire year at hourly time steps (Scenario E), hence, 

selecting the 10 % hottest hours for each city. Specifically, the temperature thresholds T2m,90th 

are T2m > 38.8°C in Phoenix, T2m > 33.7°C in Singapore, T2m > 22.8°C in Melbourne, and 

T2m > 22.3°C in Zurich. 

3. Results 

3.1 Radiation, evapotranspiration, and urban roughness effects during the warm period 

The tree effects on 2 m air temperature T2m during the warm period (3 hottest months for 

Phoenix, Melbourne, and Zurich and the whole year for Singapore) depends on climate, time 

of the day, and tree cover extent as displayed in Fig. 2. The simulations show a similar diurnal 

profile of ΔT2m in Phoenix and Singapore with two cooling peaks, one during the early morning 

and the other during the late afternoon hours, while Melbourne and Zurich only exhibit a single 

cooling peak in the late afternoon hours (Fig. 2a). 

During daytime, the highest T2m cooling occurs in Phoenix at 1800 LT with 1.2°C and 6.0°C 

for 20 % and 80 % tree cover, respectively, in the absence of soil moisture limitations, while a 

smaller cooling peak is seen at 0700/0900 LT with 1°C and 2.6°C for 20 % and 80 % tree 

cover. In Singapore, a similar diurnal pattern is found with highest cooling of T2m at 1800 LT 

(0.6°C and 1.6°C for 20 % and 80 % tree cover) and a smaller cooling peak at 0900/0800 LT 

(0.4°C and 0.7°C for 20 % and 80 % tree cover). The limited or non-existent cooling effect of 

trees during midday in hot climates, such as Phoenix and Singapore, can be explained by the 

decreasing or plateauing transpirative cooling (Fig. 2c) when warming effects caused by 

radiation and a smoother city structure are high (Fig. 2b and 2d), as explained in the following 

sections. Melbourne and Zurich only experience one peak cooling with a T2m decrease of 0.3°C 

and 1.3°C at 1800 LT, and 0.4°C and 0.8°C at 1800/1600 LT for 20 % and 80 % tree cover, 

respectively.  

During night time, a high tree cover extent lowers T2m in Phoenix on average by 0.4°C and 

1.8°C (20 % and 80 % tree cover), in Singapore by 0°C and 0.5°C, and in Melbourne by 0°C 

and 0.3°C between midnight and 0600 LT. The effects in Zurich are neutral with an average 

cooling or warming of < 0.1°C for 20 % and 80 % tree cover (Fig. 2a).  

These distinct diurnal patterns of ΔT2m associated with the presence of trees in different 

climates can be explained by a combination of various effects as detailed in the following for 

daytime and night time separately. 
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Daytime effects on T2m, Tcan and Ts,ave 

During daytime, the tree-radiation interaction, including short and long-wave radiation, 

increases air temperature T2m in all four climates with a higher increase at higher tree cover 

(Fig. 2b, Sect. 3.1.1). The magnitude of the maximum T2m increase due to the radiation is 

similar in Phoenix, Singapore, and Zurich with 0.5°C, 0.6°C, and 0.6°C for 20 % tree cover 

and 1.9°C, 2.1°C, and 2.1°C for 80 % tree cover, respectively, while the maximum increase in 

T2m in Melbourne is slightly smaller at high tree cover with 0.5°C and 1.6°C for 20 % and 80 % 

tree cover. 

Tree evapotranspiration cools T2m in all analysed climates with a higher decrease at higher tree 

cover (Fig. 2c, Sect. 3.1.2). The maximum decrease in T2m is 1.5°C, 1.0°C, 0.8°C, and 1.2°C 

for 20 % tree cover, and 5.8°C, 3.6°C, 3.1°C, and 3.9°C for 80 % tree cover in Phoenix, 

Singapore, Melbourne, and Zurich, respectively. Furthermore, the magnitude of T2m decrease 

is remarkably similar during midday in all four climates. Such a similar Δ T2m is caused by 

high vapour pressure deficits in hot and dry cities, such as Phoenix, that lead to stomatal closure 

and limited transpiration rates during the hottest hours of the day as explained in Sect. 3.1.2. 

Note that, due to the full irrigation of vegetation, soil moisture is not a limiting factor for 

transpiration in this study. 
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Figure 2: Change in 2 m air temperature ΔT2m across the average diurnal cycle calculated 

over the warm period in each city (Sect. 2.4) caused by a) urban tree canopy including all 

effects (A - E), b) only radiation effects (D – E), c) only evapotranspiration effects (A – B), and 

d) only urban roughness alteration effects induced by trees (A – C) for 20 %, 40 %, 60 %, and 

80 % tree cover within the urban canyon in i) Phoenix, ii) Singapore, iii) Melbourne, and iv) 

Zurich. Dots in a) display the sum of the effects in b), c), and d) while solid lines display the 

results of simulation A - E. The analysis refers to the 3 hottest months for Phoenix, Melbourne, 

and Zurich and the whole year for Singapore including all weather conditions that occurred 

during the specified time period. 
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The decrease in aerodynamic roughness due to the presence of a dense tree canopy shorter than 

building height increases T2m during daytime in all analysed climates with a higher increase at 

higher tree cover (Fig. 2d, Sect. 3.1.3). The highest T2m increase with 0.4°C and 1.2°C for 20 % 

and 80 % tree cover is modelled in Zurich as a consequence of calm winds and fully developed 

canopies with an average LAI of 4.9 from June to August. Phoenix, Singapore, and Melbourne 

experience a maximum T2m increase of 0.2°C, 0.2°C, and 0.3°C for 20 % tree cover, and 0.7°C, 

0.8°C, and 0.8°C for 80 % tree cover, respectively. 

Adding the tree-radiation, evapotranspiration, and urban roughness effects results in the distinct 

diurnal pattern of ΔT2m as presented in Fig. 2a. Similar effects of urban trees on the diurnal 

pattern of ΔTcan are also simulated above the tree canopy although with a slightly different 

magnitude (Fig. Error! Reference source not found.a).  

The simple sum of the three effects caused by urban trees (dots in Fig. 2a) add up almost 

linearly to the overall effect of urban trees (solid line in Fig. 2a). There are, however, some 

small differences due to nonlinear interactions among the effects, but these are less relevant 

than the three individual effects.  

The highest daytime cooling of Ts,ave is modelled in Phoenix with 1.7°C and 6.5°C at 20 and 

80 % tree cover, while Singapore experiences 0.9 °C and 3.3°C, Melbourne 1.1°C and 3.9°C, 

and Zurich 0.9°C and 3.2°C cooling at 20 % and 80 % tree cover (Fig. Error! Reference 

source not found.a). The most striking difference between tree effects on air (T2m, Tcan) vs 

surface temperature (Ts,ave) are the radiation effects. While the tree radiation interaction results 

in warmer air temperature during daytime, it provides the highest surface temperature Ts,ave 

cooling continuously from midday to late afternoon with a higher Ts,ave decrease at higher tree 

cover (Fig. Error! Reference source not found.b). Shading cools the urban surface during 

daytime, which overcomes the other tree induced radiation effects such, as radiation trapping 

(Sect. 3.1.1). 

Night time effects on T2m, Tcan and Ts,ave 

At night time, a neutral to moderate tree cooling effect on T2m and Ts,ave is found with higher 

temperature decrease at higher tree cover in Phoenix, Singapore, and Melbourne, but not in 

Zurich where high tree cover can lead to a neutral effect (Ts,ave) or slightly increase temperature 

(T2m) (Figs. 2a and Error! Reference source not found.a). In Zurich, the aerodynamic 

roughness alteration effects on T2m, Tcan, and Ts,ave are particularly significant throughout the 

night, which leads to the mentioned neutral to warming effects at high tree cover. On average, 

radiation and evapotranspiration effects of trees are small during the night due to the absence 

of solar shortwave radiation, which is the major (but not only) forcing for radiation effects. The 

effect of urban roughness alteration by trees depends on the magnitude of wind speed and the 

tree canopy structure. Hence, its effect can still be substantial during night time at high tree 

cover as modelled in Zurich (T2m, Tcan, Ts,ave). In Phoenix, high vapour pressure deficits at night 

lead to a non-negligible nocturnal transpiration and temperature reduction. Transpiration 

occurs from leaf cuticular conductance and imperfect stomatal closure as explained in the 

following sections. 

3.1.1 Mechanistic interpretation of tree-canopy radiation interaction 

During daytime, the tree canopy provides shade and, as expected, decreases surface 

temperature Ts,ave in all analysed climates (Fig. Error! Reference source not found.b) due to 
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a decrease in absorbed shortwave radiation by the shaded surfaces (Fig. Error! Reference 

source not found.a). At night and with low tree cover, the tree-radiation interaction increases 

Ts,ave in all four climates as sky-view factors (SVF) are reduced by tree canopies, which leads 

to radiation trapping within the urban canyon and an increase in absorbed longwave radiation 

across the surfaces (Figs. Error! Reference source not found.b and Error! Reference source 

not found.c). This effect is present throughout the diurnal cycle, but during daytime, the shade 

provision by the tree canopy overcomes the radiation trapping. With high tree cover and dense 

tree canopies, surface cooling is prolonged into the night as seen in Zurich (Fig. Error! 

Reference source not found.b). Lower daytime Ts,ave reduces soil temperature and heat storage 

in the ground which counteracts the radiation trapping effect. In summary, the tree-radiation 

interaction cools Ts,ave during day time but increases Ts,ave during the night except at high tree 

cover and dense canopies. 

Canopy radiation effects alone result in an increase of T2m and Tcan in all modelled climates 

during day time with a higher increase at higher tree cover (Figs. 2b and Error! Reference 

source not found.b). This increase in air temperature is explained by three effects (Fig. 3a). 

First, the tree structure increases the overall absorbed shortwave radiation within the canyon 

due to radiation trapping (Song & Wang, 2015) (Fig. Error! Reference source not found.a), 

thus increasing the energy available within the canyon. Second, the tree canopy shades the 

underlying ground vegetation, thus decreasing the radiation available for transpiration and 

therefore, the latent heat released by such vegetation (Fig. Error! Reference source not 

found.b). This effect is particularly pronounced in the presented simulations, as more than 

50 % of the canyon ground is vegetated (Table Error! Reference source not found.). A 

scenario without vegetated ground was also modelled, which showed a slightly lower increase 

in T2m and Tcan during daytime as no transpiration decrease occurred. Third, the inclusion of a 

non-transpiring, warm tree surface releases a high amount of sensible heat. These three 

mechanisms combined increase the total sensible heat flux released in the canyon, even though 

the sensible heat fluxes released by the ground and wall are smaller (Fig. Error! Reference 

source not found.c). The air within the canyon is typically unstable during day time with low 

median aerodynamic resistance and the increase in sensible heat raises both Tcan and T2m. At 

night, the tree-radiation effects on T2m vary with climate with an air temperature increase in 

Phoenix and Singapore, and a decrease in Melbourne and Zurich. 

3.1.2 Mechanistic interpretation of tree evapotranspiration effects 

Tree evapotranspiration leads to a decrease in T2m, and Tcan (Fig. 2c, and Error! Reference 

source not found.c) throughout the entire day and in all four climates with higher cooling 

effects at higher tree cover. As the amount of solar radiation received by the urban surfaces 

does not change, the decrease in T2m, and Tcan also indirectly decreases Ts,ave in all four climates 

(Error! Reference source not found.c). The evapotranspirative cooling effect is mostly 

caused by the shift in energy partitioning from sensible to latent heat of well-watered 

vegetation, which is seen in the decrease/increase of canyon sensible/latent heat (Fig. 3b and 

Fig. Error! Reference source not found.). The highest cooling effect is modelled at times of 

high transpiration rates, which do not necessarily occur at the peak of absorbed solar radiation. 

In fact, high air temperatures in dry climates and the reduced amount of vegetation in cities can 

lead to a high vapour pressure deficit (VPD) that triggers a physiological reaction leading to 

stomatal closure (Morison & Gifford, 1983; Oren et al., 1999) (Fig. Error! Reference source 

not found.). Hence, limited evapotranspirative cooling effects are found during midday in 
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Phoenix. Tree evapotranspiration also provides a night time cooling effect due to residual 

stomatal conductance (Caird et al., 2007), which allows some water loss from the leaves even 

when stomata are mostly closed. This is especially relevant in cities with a high VPD at night, 

such as in Phoenix (Fig. 2ci). 

 

 

Figure 3: Representation of the main mechanisms that alter 2 m air temperature (T2m), air 

temperature above the tree canopy (Tcan), and average surface temperatures (Ts,ave) when only 

considering a) daytime tree-radiation interaction, b) daytime tree evapotranspiration, and c) 

daytime aerodynamic roughness alterations caused by urban trees. Ttree denotes the tree 

surface temperature, hdisp,can  the canyon displacement height, z0,m,can the aerodynamic urban 

roughness, and rah,2m→can and rah,can→atm the aerodynamic resistance from 2 m height to 

reference canyon height and from reference canyon height to atmospheric forcing height, 

respectively. The +, -, and 0 sign denote an increase, a decrease, and no change in energy flux 

or temperature. 

3.1.3 Mechanistic interpretation of the aerodynamic roughness alteration effects of trees 

In the analysed scenarios, trees within the urban canyon increase the smoothness of the city 

fabric (decrease in urban roughness, z0,m,can, Table Error! Reference source not found.), 

which increases the aerodynamic resistance and reduces the turbulent exchange from canyon 

Jo
ur

na
l P

re
-p

ro
of



16 
 

air to the atmospheric forcing level rah,can→atm (Fig. 3c and Fig. Error! Reference source not 

found.). The increase in rah,can→atm leads to an increase in Tcan throughout the day and night, an 

increase proportional to the tree cover amount (Fig. Error! Reference source not found.d). 

Similarly, T2m and Ts,ave increase during daytime due to roughness effects (Fig. 2d and Error! 

Reference source not found.d) as the air column within the canyon is simulated to be unstable 

with low aerodynamic resistance rah,2m→can (Fig. Error! Reference source not found.b), and 

the increase in rah,can→atm tends to keep the heat released by hot urban surfaces within the 

canyon, thus increasing temperatures. 

At night, the urban roughness alteration effects of trees on T2m and Ts,ave vary, likely due to 

differences in the simulated atmospheric stability within the canyon. In these simulations, 

Phoenix and Singapore are characterized by stable atmospheric conditions with high rah,2m→can 

at night, while Melbourne and Zurich exhibit unstable conditions with low rah,2m→can 

(Fig. Error! Reference source not found.b). Due to high values of rah,2m→can, the change in 

T2m in Singapore and Phoenix is most closely linked to ΔTw,ave. As Tw,ave gets cooler at night, 

T2m also decreases (Fig. 2di and 2dii). In Melbourne and Zurich, our simulations show unstable 

atmospheric conditions within the canyon. Hence, the increase in rah,can→atm increases Tcan, T2m 

and Ts,ave concurrently. The overall urban temperature increase associated to aerodynamic 

roughness effects is particularly high in Zurich at all hours due to high values of LAI (average 

LAI of 4.9 from June to August), which further reduces city roughness. Note that the effects 

shown here are only caused by the alteration of the overall urban canyon aerodynamic 

roughness and displacement height due to trees within the canyon, and not by their wind 

blockage effects, which are not analysed in this study as discussed in the study limitations. 

3.2 Seasonal and diurnal variability of tree effects on 2 m air temperature  

In Phoenix, Melbourne, and Zurich, trees generally provide a higher cooling effect on T2m 

during the warm season (e.g. May to September in Phoenix, November to March in Melbourne, 

and May to August in Zurich). In cooler seasons (e.g. November to March in Phoenix, and May 

to September in Melbourne), the T2m cooling by trees is considerably smaller or negligible, and 

in some cases even warming of T2m is simulated (e.g. during day time from May to September 

in Melbourne, and October to November in Zurich) (Fig. 4). Differences in ΔT2m are also found 

throughout the diurnal cycle, but this depends more strongly on the local climate as previously 

explained (Sect. 3.1). 
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Figure 4: Tree cover effects on 2 m air temperature T2m for a) 20 % and b) 80 % tree cover 

within the canyon in i) Phoenix, ii) Singapore, iii) Melbourne, and iv) Zurich: the seasonal 

variability of the diurnal cycle is shown. Winter months in Zurich are not analysed as trees are 

defoliated during this period (LAI < 0.5). Note the different temperature scales in the four 

plots. 

In Phoenix, the most consistent T2m cooling throughout the entire day is seen in spring as the 

radiation warming effects during midday and the stomata closure due to high VPD are 

moderate in this season. The strongest T2m cooling is modelled in summer during the early 

morning and evening hours in June with 1.2°C at 0700 LT and 1.7°C at 1900 LT for 20 % tree 

cover and 3.4°C at 0700 LT and 7.3°C at 1800 LT for 80 %. In summer, cooling is also 

simulated throughout the night with the highest average night time cooling in June with 0.5°C 

for 20 % tree cover and 2.3°C for 80 % between midnight and 0600 LT. During midday, tree 

cooling effects become minimal in Phoenix due to high warming rates induced by tree-radiation 

interactions and stomatal closure caused by extremely high VPD (Sect. 3.1.1 and 3.1.2). In 

winter, T2m cooling tends to be lowest but is still present during the early morning and late 

afternoon hours. 

Due to its tropical location, Singapore depicts a homogenous cooling effect by trees all year 

long, and as discussed in Sect. 3.1, experiences the highest T2m cooling during the early 

morning and late afternoon hours. At night, no T2m changes are simulated, with the exception 

of an anomalous dry period in February 2014, where an average warming effect of 0.2°C at 

low tree cover (20 %) occurs between midnight and 0600 LT, even though vegetation is fully 

irrigated in our simulations. During midday, tree effects are minimal at low tree cover, while 

at 80 % tree cover, slight warming effects of 0.1°C at 1200 LT and 1300 LT are simulated in 

August, and October. Midday warming is observed during times when direct incoming 

shortwave radiation is highest (July to October) and/or the relative humidity is high (July to 
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October). Higher incoming shortwave radiation increases the tree-radiation warming effects on 

T2m, while higher relative humidity in the humid climate of Singapore decreases the cooling 

effect of tree evapotranspiration. 

In Melbourne, low tree cover (20 %) provides minimal T2m cooling with the highest decrease 

of 0.3°C found at 1700 LT in December. At high tree cover (80 %), the cooling effects are also 

highest during summer in the late afternoon hours with a maximum of 1.6°C at 1800 LT in 

December and are prolonged throughout the night with an average T2m cooling of 0.4°C. In 

winter and spring, T2m warming is simulated during the day, which is highest in July to October 

with 0.3°C warming at 1100 LT in August with 20 % tree cover, and 0.8°C in October at 1000 

LT with 80 % tree cover.  

In Zurich, the highest cooling effects are simulated in summer during the afternoon and early 

evening hours with a maximum of 0.5°C at 1700 LT for 20 % tree cover and 1.1°C at 1600 LT 

for 80 % in August. At high tree cover (80 %), warming occurs throughout the year in the 

morning hours with a maximum of 0.7°C at 1000 LT in April. At low tree cover (20 %), 

warming mostly occurs during spring and autumn in the morning hours with a maximum of 

0.3°C at 1100 LT in November. 

In summary, trees provide higher cooling in Phoenix, Melbourne, and Zurich during the warm 

season, while in the cool season, air temperature reduction is less in Phoenix and neutral to 

increasing air temperatures are simulated in Zurich. As Singapore is continuously hot 

throughout the year, seasonal changes in the cooling effects are less pronounced. 

3.3 Tree effects during the warmest hours 

Analysing the effects of trees only for hours where T2m > T2m,90th can change the distribution 

of ΔT2m with differences across climates. 

In Phoenix and with low tree cover (20 %), only small differences are found in the distribution 

of ΔT2m at peak temperatures. ΔT2m is predominantly negative with most ΔT2m values occurring 

between 0 to -2°C (Fig. 5ai). However, at high tree cover (80 %), differences in the distribution 

of ΔT2m are more apparent. When considering all time steps, the majority of ΔT2m is between 

0 to -5°C, while during the 10 % hottest hours of the year, T2m cooling is more pronounced 

with a higher percentage of ΔT2m between -5 to -8°C (Fig. 5bi).   

In Singapore, effects vary at low and high tree cover, where the majority of ΔT2m is negative 

when considering all hours of the year between 0 to -1°C for 20 % tree cover and 0 to -2.5°C 

at 80 % tree cover. However, reducing the analysis to the 10 % hottest hours of the year, T2m 

warming becomes more frequent (Fig. 5aii and 5bii). This finding is consistent with the 

previous discussion on reduced cooling effects under high VPDs due to stomatal closure as 

discussed in Sect. 3.1.2. 

In Melbourne and Zurich, the tree cover might cool or warm the air considering all hours of 

the year, especially at 80 % tree cover. Analysing only the 10 % hottest hours of the year, ΔT2m 

is more often negative, consistent with the predominant cooling effect of vegetation in the 

warmest summer hours. 
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Figure 5: Distribution of tree cover effects on 2 m air temperature changes ΔT2m for a) 20 % 

and b) 80 % tree cover within the urban canyon in i) Phoenix, ii) Singapore, iii) Melbourne, 

and iv) Zurich. The results show distribution of ΔT2m for the whole time series, and the hottest 

10 % of all time steps. 

4. Discussion 

4.1 Urban trees and radiation  

The interaction between trees and the radiation fluxes increases daytime air temperature in all 

the climates analysed here. This daytime T2m increase is explained by an increase in absorbed 

shortwave radiation within the canyon and the turbulent energy partitioning by the tree canopy. 

A healthy tree uses the absorbed radiation energy for transpiration, which increases the latent 

heat at the expense of the sensible heat flux. In the hypothetical case of a non-transpiring tree, 

as in scenario D here, the tree heats up during daytime and releases a large amount of sensible 

heat, which increases air temperature (T2m and Tcan). Similarly, non-transpiring shading 

devices, often employed in urban areas, can reach high temperatures as shown with thermal 

imaging by Shashua-Bar et al. (2011) and can also increase the measured air temperature 

(Shashua-Bar et al., 2009). In addition, shading of lawns underneath the tree reduces the 

available solar radiation and thus evapotranspiration of ground vegetation as recently reported 

by Rahman et al. (2019). The simulated decrease in average surface temperature by UT&C due 

to tree shading is of smaller magnitude than the often reported field observations (e.g., Armson 

et al., 2013; Middel et al., 2016; Spangenberg et al., 2008) as modelled surface temperatures 

are averaged over the urban canyon (and therefore, they include some sun exposed surfaces), 

whereas measurement studies typically analyse the difference between strictly sunlit and 

strictly shaded areas, which is expected to be much larger. As artificial shade structures are 

often used in the urban environment, future research is needed to determine whether their 

placement increases the overall canyon air temperature. Note, that the focus of this study lays 
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on air and surface temperatures and not on the outdoor thermal comfort of city dwellers, for 

which shade provision and therefore, reduction of mean radiant temperature is a key factor with 

clear beneficial effects in warm environments (Morakinyo & Lam, 2016; Morakinyo et al., 

2017). 

Previous modelling studies, which quantify the shade effects of urban trees on air temperature, 

such as Wang et al. (2016) who employed a single layer urban canyon model (Yang et al., 

2015), and Upreti et al. (2017) and Wang et al. (2018) who run the coupled WRF and Urban 

Canopy Model (Skamarock et al., 2008) in Phoenix and throughout the contiguous United 

States, found a decrease in urban air temperature with the inclusion of tree shade. These 

apparently contradicting findings are likely related to the way the energy absorbed by the non-

transpiring tree surface is treated in the different models. In our simulations of the radiation 

effects, tree evapotranspiration is set to zero, while the tree canopy still receives the full 

radiation load and hence, the energy is dissipated through an increase in sensible heat. Only 

accounting for a decrease in absorbed radiation by ground and wall surfaces would diminish 

the overall absorbed energy by the urban area, which would decrease air temperature due to 

lower surface temperatures. However, trees do not use the total amount of absorbed radiative 

energy for transpiration and the energy partitioning of sensible and latent heat by the tree 

canopy (Bonan, 2016) is an important factor to consider for accurate microclimatic predictions, 

especially under unfavourable environmental conditions (e.g. dry and hot), which might limit 

transpiration as discussed in Sect. 4.2. 

The night-time tree radiation interactions depend on canopy cover extent and climate. A high 

tree foliage cover leads to a large reduction of ground temperature during the day, which 

prolongs the cooling effects throughout the night, because of the lower heat storage in the soil 

and buildings as observed in Zurich and also modelled by Upreti et al. (2017). This result 

highlights that tree shading is not only important to reduce daytime temperature but can also 

be beneficial at night. 

4.2 Urban trees and transpiration  

Tree evapotranspiration can provide cooling effects throughout the day and night. However, 

the UT&C simulations show that high VPD, while being a major driver of evapotranspiration, 

can also limit transpirative cooling due to partial stomatal closure during the hottest hours of 

the day. This is a well-documented plant hydraulic regulatory effect (e.g., Morison and Gifford, 

1983; Monteith, 1995; Oren et al., 1999; McAdam and Brodribb, 2015), which was also 

observed in urban field campaigns by Gillner et al. (2017) in Dresden in Germany, and Chen 

et al. (2011) in Dalian City in Northern China. However, studies also show that plant species 

well adapted to dry and hot climates can provide enhanced cooling effects when well-watered 

(Wang et al., 2019). Hence, the presented stomatal response to VPD includes a degree of 

uncertainty and further research is needed to investigate the adaptability of urban vegetation to 

high VPD when irrigated. As VPD can be higher in the urban environment due to a lower latent 

heat flux and higher temperatures than in surrounding rural areas, several studies suggest to 

choose drought tolerant species to provide optimal urban cooling even during heat and drought 

events (Gillner et al., 2017; Stratópoulos et al., 2018). More generally, we suggest using plants 

with an anisohydric behaviour (Klein, 2014; Roman et al., 2015; Meinzer et al., 2016), i.e., 

plants that lower leaf water potentials and maintain higher transpiration rates, even during low 

soil moisture conditions or high VPD. These plants might provide a larger cooling potential 
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than isohydric plants that tightly regulate leaf water potential, by closing stomata with 

increasing VPD, and thus reducing transpiration and urban cooling.  

UT&C modelling results show cooling effects due to tree evapotranspiration at night, in 

agreement with field observations of urban trees in Gothenburg in Sweden (Konarska et al., 

2015, 2016). In dry and hot cities with high night time VPD, such as Phoenix, this effect can 

be substantial and worth considering as a night time cooling strategy when selecting tree 

species with high residual stomatal conductance (Caird et al., 2007; Forster, 2014). Chen et al. 

(2011) found large differences in night time sap flow in relation to VPD among different tree 

species in Dalian City in China. Hence, if water for irrigation is available, tree species selection 

should be considered carefully to ensure maximum nocturnal transpirative cooling in places 

such as Phoenix or other semiarid climates. Note, while high VPD can lead to stomatal closure 

during daytime, during night time, stomata are already largely closed and higher VPD results 

in enhanced evapotranspiration because it increases the vapour flux from leaf cuticular 

conductance and imperfect stomatal closure (Duursma et al., 2019). In our simulations, 

vegetation is fully irrigated and we purposely excluded water stress, which could considerably 

decrease the transpirative cooling effects. Additional considerations, which can limit tree 

transpiration and are not investigated in this study, are unfavourable urban soil conditions (Ow 

et al., 2019), as for example due to soil compaction (Rahman et al., 2011; Rahman et al., 2019). 

4.3 Urban trees and aerodynamic roughness 

The addition of a short and dense tree canopy, as in the analysed urban setting (i.e. LCZ 3), 

decreases the overall city aerodynamic roughness and hinders the turbulent energy exchange 

(Fig. 3c). Consequently, the canyon air warms up during daytime. The smoothing of the city 

aerodynamic properties due to the inclusion of trees is not often discussed in the literature but 

should be considered when analysing strategies of intensive urban tree cover increase, with a 

stature shorter than average building height. However, if the tree canopy is significantly higher 

than the average building height, aerodynamic city roughness can increase (Fig. Error! 

Reference source not found.) (Giometto et al., 2017; Kent et al., 2017), a scenario not 

analysed in this study. 

The aerodynamic roughness effects of urban trees in this study are generally smaller than the 

radiative and evapotranspirative effects, but the real tree-wind interactions are likely 

underestimated, because wind blockage effects by the tree canopy within the canyon are 

currently not simulated in UT&C. Recent developments of computational fluid dynamic tools 

accounting for urban trees can help in better representing and evaluating the magnitude of this 

effect in future studies (e.g., Moonen et al., 2013; Saneinejad et al., 2014; Manickathan et al., 

2018). 

4.4 Differences across climates and vegetation selection  

Phoenix and Singapore show a pronounced T2m decrease during morning and evening hours 

compared to midday, which is caused by a reduced transpirative cooling during the hottest 

hours of the day, when the solar radiation and urban roughness effects are large. This is likely 

a robust pattern as other studies do not find the highest air temperature reduction around midday 

when radiation is highest, but rather in the morning or evening hours (e.g., Coutts et al., 2016), 

which was also modelled in Melbourne and Zurich. UT&C simulations further suggest that 
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differences in ΔT2m at night in different climates or simply in different urban settings or days 

might be caused by the atmospheric stability within the canyon.  

Throughout the year, the UT&C simulations show the highest tree cooling effects in summer 

and in the transition seasons, while, in colder periods, tree cooling is less or there is even a 

warming effect on T2m, as in Melbourne and Zurich. Such an air temperature warming during 

cold periods could be beneficial in temperate regions (Yang & Bou-Zeid, 2018). 

In summary, a comprehensive understanding of the individual tree effects leading to the distinct 

diurnal and seasonal change of ΔT2m can facilitate the selection of appropriate tree species and 

cover to achieve certain cooling or warming objectives for current and potentially future 

climatic conditions. As one of the most striking results, limitation to tree evapotranspiration 

seems to be an important factor in the cooling potential provided by vegetation, during hot and 

dry periods. Paradoxically, the warming effect due to tree-radiation interaction of a “non-

transpiring tree structure” could be significant during dry periods when tree evapotranspiration 

is minimal. Hence, cities that will experience longer dry periods and higher temperatures in the 

future, need to consider in detail physiological and biophysical vegetation aspects together with 

hydrological budget considerations, as vegetation could produce unwanted detrimental effects 

on local urban canopy air temperatures. 

4.5 Limits of interpretation 

A representative low-rise urban set up (LCZ 3) is chosen in this study to analyse the varying 

tree effects. The magnitude of the single effects is likely to vary with changes in urban density 

and properties, as well as vegetation structure and traits. For instance, tree height is chosen 

shorter than building height, which results in a decrease of urban roughness and an increase in 

daytime air temperature within the urban canopy. Selecting trees that are substantially higher 

than the surrounding buildings can increase aerodynamic roughness in the applied 

parameterization (Fig. Error! Reference source not found.) (e.g., Giometto et al., 2017; Kent 

et al., 2017). Currently, wind blockage effects of trees are not considered in the presented 

results, which simplify the description of turbulent exchanges within the canyon. 

More generally, UT&C calculates the turbulent energy exchange based on a simple resistance 

scheme (Masson, 2000; Wang et al., 2013; Meili et al., 2020a). Recent developments of 

computational fluid dynamic tools that include urban trees can help in providing a more 

accurate description of turbulent exchanges, convection efficiency, and buoyancy, and they can 

potentially validate or disprove the simulated effects, such as the air temperature increase 

underneath non-transpiring trees or the difference in atmospheric stability under various urban 

and climate conditions (e.g., Moonen et al., 2013; Saneinejad et al., 2014; Giometto et al., 

2017; Manickathan et al., 2018). Additionally, while UT&C has showed satisfactory model 

performance through comparison of simulated and measured energy fluxes in Phoenix, 

Singapore, and Melbourne (Meili et al. 2020), the model has so far not been extensively tested 

against air and surface temperature measurements. This introduces another degree of 

uncertainty in the presented results. The magnitude of the effects strongly controlled by 

aerodynamic resistances and wind profiles might be revised if future studies would show that 

the current description of turbulent exchange deviates strongly from reality. In this case, 

UT&C’s parameterizations governing the impacts of trees and buildings on flow and thermal 

convection could be refined with a parameterization of intermediate complexity, which 

accounts for within canyon tree effects on turbulent exchanges (e.g., Krayenhoff et al., 2020; 
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Redon et al., 2020). Despite the mentioned simplifications, we still deem important to discuss 

and present the effects of tree canopies on aerodynamic city roughness, as it is a way through 

which trees can modify urban climate.  

Furthermore, UT&C, run as a stand-alone code, does not include climatic mesoscale feedbacks 

induced by changes in energy fluxes. Hence, the presented results refer to the tree effects that 

can be expected at the local scale without any feedback on and from the city-scale climate.  

Last, vegetation is irrigated and always well-watered in the four analysed climates. This allows 

estimating the maximum evapotranspirative effects of trees. However, such a scenario would 

require a large amount of anthropogenic water input in arid places such as Phoenix, which 

might not be feasible or desirable to achieve in reality (Wang et al., 2016). 

5. Conclusions 

This study quantifies the radiation, evapotranspiration, and aerodynamic urban roughness 

alteration effects caused by well-watered urban trees on below and above tree canopy air 

temperature, as well as surface temperatures using process-based modelling. The partitioning 

of the effects allows explaining contrasting results in observed air temperature modifications 

by trees for different times of the day, seasons, and background climatic conditions. 

Simulations show that tree evapotranspiration can decrease urban canopy layer air temperature 

in all analysed climates, but the magnitude is limited during the hottest periods, especially in 

dry climates, as stomatal conductance is severely reduced at high VPD. Concurrently, the sole 

interaction of the tree canopy with radiation increases the air temperature in all four climates 

due to an increase in absorbed shortwave radiation, a decrease in latent heat from shaded 

ground vegetation, and a large release of sensible heat by a hot non-transpiring tree canopy. 

Finally, the inclusion of a dense tree canopy shorter than the surrounding buildings reduces the 

aerodynamic roughness of the neighbourhood, which hinders turbulent energy exchange and 

increases daytime air temperature, especially under calm wind conditions and/or dense (high 

LAI) tree canopies. Note that, with tall trees, urban aerodynamic roughness would increase in 

the applied parametrization. Additionally, the wind blockage effects of trees within the urban 

canyon are not analysed in this study but they might provide additional effects on turbulent 

exchanges. Urban roughness alterations induced by trees during night time provide different 

responses according to climates, which are likely caused by differences in atmospheric stability 

within the canyon. 

Combining all tree effects together, results in a distinctive diurnal pattern of urban air 

temperature modification, namely higher air temperature decrease during either morning or 

evening hours, or both, compared to midday in warm climates. In other words, trees provide 

air temperature cooling during the majority of the time but cooling can be limited or even 

reversed at times of extreme heat. This is due to limited transpirative cooling when radiative 

warming is large as leaves are hydraulically stressed by high VPD values. This effect could be 

significant and deserves further research to be assessed in more detail and to evaluate if well-

watered urban trees can adapt to high VPD values in comparison to their rural counterparts. 

Selecting tree species that can cope with high VPD levels is important in hot cities to avoid 

further warming during heat waves.  
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Urban trees in temperate cities, such as Melbourne and Zurich, can provide both air temperature 

warming and cooling. T2m warming is largest during the colder seasons while during the hottest 

hours of the year T2m is mostly reduced. Hence, in the seasonal context, trees in temperate cities 

are offering the desired effects.  

The distinct diurnal and seasonal pattern of tree-induced air temperature changes in different 

climates needs to be considered when planning future urban greening scenarios. Despite 

recognized uncertainties in the parameterization of certain processes, the mechanistic 

explanations obtained with UT&C as presented in this study, can be used to guide future field 

campaigns and inform research and urban planning projects aimed at improving local urban 

canyon temperature using greenery, as well as guide decision makers in selecting appropriate 

tree species to maximize the desired benefits and minimize potential unwanted counter-effects. 
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