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Abstract 21 

Accurately capturing the impact of urban trees on temperature can help optimize urban 22 

heat mitigation strategies. Recently, there has been a widespread use of remotely sensed 23 

land surface temperature (Ts) to quantify the cooling efficiency (CE) of urban trees. 24 

However, remotely sensed Ts reflects heat radiation from the surface of an object seen 25 

from the point of view of the thermal sensor, which is not a good proxy for the air 26 
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temperature (Ta) perceived by humans. The extent to which the CEs derived from Ts 27 

reflect the true experiences of urban residents remains unclear. Therefore, this study 28 

systematically compared the Ts-based CE (CETs) with the Ta-based CE (CETa) in 392 29 

European urban clusters. CETs and CETa were defined as the reduction in Ts and Ta, 30 

respectively, for every 1% increase in fractional tree cover (FTC). The results show that 31 

the increase in FTC has a substantial impact on reducing Ts and Ta in most cities during 32 

the daytime. However, at night, the response of Ts and Ta to increased FTC appears to 33 

be much weaker and ambiguous. On average, for European cities, daytime CETs reaches 34 

0.075 °C %-1, which is significantly higher (by an order of magnitude) than the 35 

corresponding CETa of 0.006 °C %-1. In contrast, the average nighttime CETs and CETa 36 

for European cities are similar, both approximating zero. Overall, urban trees can lower 37 

daytime temperatures, but the impact of their cooling effect, particularly concerning 38 

public health implications, is notably amplified when using remotely sensed Ts 39 

estimates compared to in situ Ta measurements. Our findings provide critical insights 40 

into the realistic benefits of alleviating urban heat through tree planting. 41 

 42 

Keywords: Urban heat islands; green space; in situ measurements; ecosystem service; 43 

mitigation strategies 44 

 45 

1.Introduction 46 

The process of urbanization, marked by changes in land cover and the release of 47 

anthropogenic heat emissions, typically results in elevated temperatures within urban 48 
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areas, giving rise to the phenomenon known as the urban heat island (UHI) effect 49 

(Grimm et al 2008, Kalnay and Cai 2003, Zhang et al 2022b). This additional urban 50 

warming can have negative impacts on various aspects of urban environments, 51 

including vegetation growth, the hydrological cycle, and the soil quality (Gui et al 2019, 52 

Zhou et al 2018, Zou et al 2021). Moreover, urban heat can pose a risk to the well-being 53 

of urban residents, influencing their indoor and outdoor thermal comfort and even 54 

leading to added mortality (Iungman et al 2023, Ren et al 2023, Zhou et al 2018). 55 

Therefore, urban heat and strategies for its mitigation have garnered increased attention 56 

in recent years (Chakraborty et al 2022c, Hsu et al 2021, Liu et al 2023, Schneider et 57 

al 2023, Tuholske et al 2021, Yang et al 2023, Yao et al 2018, Zhou et al 2018). 58 

Increasing vegetation cover, particularly through the tree planting, is a feasible and 59 

commonly used approach for alleviating urban heat (Iungman et al 2023, Schwaab et 60 

al 2021, Zhang et al 2023). Trees outperform other vegetation in terms of 61 

evapotranspiration and shading, rendering them effective in mitigating elevated 62 

temperatures (Liu et al 2021, Zhang et al 2023, Zhou et al 2017). Consequently, the 63 

study of the cooling effect (CE) of trees is a prominent and actively researched topic in 64 

the field of urban climate. 65 

Traditionally, the efficiency of trees’ cooling is quantified by directly comparing 66 

the air temperature (Ta) between areas with and without trees using in-situ 67 

measurements (Akbari et al 1990, Richards et al 2020, Yan et al 2020, Zhang et al 68 

2020). Such approach offers the advantage of continuous, long-term observations and 69 

yields results, specifically Ta, that align closely with human perception (Goldblatt et al 70 
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2021). However, in situ measurements of the thermal environment (e.g. weather 71 

stations or mobile transects) are usually characterized by spatial discontinuities and 72 

limited coverage, making them too costly for extensive large-scale analyses (Jiao et al 73 

2017, Loughner et al 2012, Meili et al 2021, Peters et al 2010, Richards et al 2020, 74 

Wang et al 2018, Wang et al 2012, Wujeska-Klause and Pfautsch 2020, Yan et al 2020, 75 

Zhang et al 2020). With the proliferation of satellite observations, remotely sensed land 76 

surface temperature (Ts) has been often used for quantifying the CE of urban trees due 77 

to its advantages of spatial continuity (Wang et al 2019, Wang et al 2020, Yang et al 78 

2022). Nevertheless, it is crucial to acknowledge that a distinction exists between 79 

remotely sensed Ts observations and in situ Ta measurements (Chakraborty et al 2017, 80 

Goldblatt et al 2021, Janatian et al 2017, Jin and Dickinson 2010, Jin 2012, Naserikia 81 

et al 2023, Venter et al 2021, Zhang et al 2014).  82 

The differences between Ts and Ta are primarily evident in two aspects. Firstly, Ts 83 

and Ta vary in magnitude and spatial distributions, originating from factors like 84 

radiation, heat transfer, and storage processes (Cao et al 2021, Mutiibwa et al 2015). 85 

Solar radiation absorbed by surface materials with high emissivity results in a 86 

significant increase in surface temperature, whereas air, with its lower emissivity, is less 87 

efficient at absorbing and radiating energy (Harde 2013, Li et al 2013). Heat transfer 88 

via conduction and convection contributes to temperature interaction, but the efficiency 89 

of this process is limited by air’s low thermal conductivity (Lu et al 2014, Zhou et al 90 

2012). The higher thermal capacity of surface materials enables them to absorb more 91 

heat during the day compared to air, thereby amplifying temperature discrepancies 92 

Page 4 of 33AUTHOR SUBMITTED MANUSCRIPT - ERL-117171.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



5 
 

between the surface and the surrounding air (Mohajerani et al 2017). Secondly, Ts and 93 

Ta represent different components of the environment, with distinct impacts on human 94 

comfort. Ts is typically not directly experienced by urban pedestrians since we do not 95 

come into direct contact with the surfaces using our bare skin (Goldblatt et al 2021, 96 

Haeri et al 2023). Moreover, Ts measurements often relate to elevated locations like 97 

rooftops, walls, and tree canopies, areas typically less frequented by humans for daily 98 

activities (Battisti et al 2018, Haeri et al 2023, Vanos et al 2016). As a result, the trees’ 99 

CE derived through Ts may not appropriately capture the public health impacts on urban 100 

inhabitants, which are typically more aligned with Ta as perceived by humans 101 

(Chakraborty et al 2022c, Novick and Katul 2020). 102 

Although multiple numerical modeling studies have estimated the CE of urban 103 

trees (Krayenhoff et al 2021), observational estimates are much rarer (Chakraborty et 104 

al 2022c, Ziter et al 2019), partly due to the dearth of dense Ta measurements within 105 

cities (Zaitchik and Tuholske 2021). As a result, many researchers have quantified the 106 

CE of urban trees using the remotely sensed Ts observations and considered the slope 107 

of Ts versus tree cover fraction as the estimated CE (Chakraborty et al 2022a, Chinchilla 108 

et al 2021, Schwaab et al 2021, Wang et al 2019, Wang et al 2020, Zhao et al 2023a, 109 

Zhou et al 2021). Since Ts and Ta are different, we would also expect substantial 110 

differences in Ta-based CE (CETa) and Ts-based CE (CETs). Knowledge about how CETs 111 

deviates from CETa is critical for gaining a more physiologically-relevant understanding 112 

of the role played by trees in shaping the urban thermal environment. However, there 113 

is still a lack of large-scale and quantitative assessments of the relationship and 114 
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difference between CETs and CETa. The study by Chakraborty et al. (2022a) is the only 115 

relevant one, but it utilizes a vegetation index instead of a tree cover fraction, rendering 116 

the two measurements not directly comparable (Zeng et al 2023).  117 

Hence, by using a spatiotemporally matched in situ Ta and remotely sensed Ts 118 

datasets, we calculated CETa and CETs, respectively, in 392 European urban clusters. 119 

Subsequently, we conducted a comparative analysis of the differences between CETa 120 

and CETs in terms of spatial distribution and day-night contrast. The results of this study 121 

can deepen our understanding of the cooling benefits of urban trees and help mitigate 122 

heat stress from the urban planning perspective. 123 

 124 

2. Data and methods 125 

2.1 Data selection and processing  126 

 The fractional tree cover (FTC) was obtained from the Copernicus Global Land 127 

Service (CGLS) dataset (2019). Based on over 20, 000 random samples, Buchhorn et 128 

al. (2020) reported that the CGLS dataset had an overall accuracy of better than 80% 129 

for all land-cover types and a global average absolute error of 9% for the FTC 130 

(Buchhorn et al 2020). The surface water was derived from the Global Surface Water 131 

(GSW) data produced by the Joint Research Centre (JRC) (Pekel et al 2016), which 132 

provides annual maximum surface water extents. Surface elevation information was 133 

obtained from Global 30 Arc-Second Elevation (GTOPO30) dataset. 134 

 The growing popularity of Citizen Weather Stations (CWS) in urban areas in recent 135 

years has facilitated the crowdsourcing of intensive meteorological observations. 136 
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Venter et al. (2021) obtained hourly Ta data for July 2019 from all available CWS 137 

provided by Netatmo in Europe (Chakraborty et al 2022b). The CWS Ta data underwent 138 

additional cleaning processing to remove stations with poor data quality or significant 139 

missing data (Venter et al 2021). This led to the final selection of 75,293 CWS stations, 140 

distributed across 931 European urban clusters. The boundaries of urban clusters were 141 

derived from the Global Human Settlement Layer (GHSL) dataset using the clustering 142 

method proposed by Venter et al. (2021). 143 

Daily Ts data for the European urban clusters during July 2019 were collected from 144 

the MODIS products (MOD11A1 and MYD11A1). These Ts data were preprocessed 145 

into clear-sky pixels with an average Ts error less than or equal to 3 K. MODIS satellites 146 

collected data every day around 1:30, 10:30, 13:30, and 22:30 local time to provide 147 

daytime and nighttime Ts observations. To obtain the hour-by-hour Ts values, the 148 

MODIS transit time from local solar time was converted to UTC local time by 149 

subtracting the longitude of the MODIS grid and dividing by 15, according to the 150 

MODIS user guide (Wan 2006). The time zones of each urban cluster were then 151 

accounted for and combined with daylight saving time to offset the UTC of each city. 152 

This resulted in Ts readings with specific hourly timestamps that could be synchronized 153 

with the hourly CWS dataset (Chakraborty et al 2022b, Venter et al 2021).  154 

The Ts pixels were paired with the treated CWS Ta stations based on coordinates 155 

and time (Venter et al 2021). Subsequently, we calculated the median values of Ts and 156 

Ta at each station for the study period separately. We chose the median rather than the 157 

mean to avoid the effects of extreme temperatures. Then, we extracted information 158 
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about tree cover fraction, elevation, and the presence of surface water for each station. 159 

In each urban clusters, we removed stations covered by surface water or influenced by 160 

topographic relief (out of the range of mean elevation ± 100 meters) (Cao et al 2016, 161 

Li et al 2022). In addition, we removed urban clusters with too few stations (< 20) to 162 

ensure the stability of the regression model for calculating the CE of urban trees. The 163 

above processes reduced the number of available stations to 40,364. Ultimately, a total 164 

of 392 urban clusters were included in this study. It should be emphasized that the 165 

MOD11A1 Ts had data gaps during nighttime due to cloud contamination and quality 166 

degradation, resulting in an insufficient number of observations (< 20) in some urban 167 

clusters. Therefore, we calculated the CE corresponding to the MOD11A1 nighttime Ts 168 

(~22:30) only for the 232 urban clusters.  169 
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 170 

Figure 1. Spatial patterns and frequency distributions of daytime urban trees’ cooling 171 

efficiency (CE) across European urban clusters. CETs and CETa represent the CE 172 

estimated by surface temperature and the CE estimated by air temperature, respectively. 173 

The observational times are ∼13:30 for AQUA and ∼10:30 for TERRA, respectively. 174 

The air temperature corresponds to overpassing time of the overlaying MODIS pixels.  175 

 176 

2.2 Calculation of urban trees’ CE 177 

 In this study, we employed a univariate linear regression model to calculate the 178 

CETs and CETa for each urban cluster. In this model, we considered FTC as the 179 
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independent variable, and either Ts or Ta as the dependent variable. We computed the 180 

regression coefficients and used the opposite of these coefficients as the urban trees’ 181 

CE , denoted as CETs = −△Ts/△FTC and CETa = −△Ta/△FTC. CETs and CETa 182 

represent the reduction in Ts and Ta, respectively, for each 1% increase in the percentage 183 

of urban trees, and measure the CE of urban trees with respect to Ts and Ta (Cheng et al 184 

2022, Wang et al 2019, Wang et al 2020, Yang et al 2022). If CETs is higher than CETa, 185 

it suggests a higher estimated CE of urban trees based on Ts compared to Ta, and vice 186 

versa. 187 

 188 

Figure 2. Spatial patterns and frequency distributions of nighttime urban trees’ cooling 189 
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efficiency (CE) across European urban clusters. CETs and CETa represent the CE 190 

estimated by surface temperature and the CE estimated by air temperature, respectively. 191 

The observational times are ∼1:30 for AQUA and ∼22:30 for TERRA, respectively. 192 

The air temperature corresponds to overpassing time of the overlaying MODIS pixels.  193 

 194 

3. Results 195 

 During the daytime, both CETs and CETa show positive values in most urban 196 

clusters, indicating the prevailing cooling effect exerted by urban trees on local 197 

temperatures. Statistically, over 90% urban clusters exhibit positive daytime CETs, 198 

whereas the corresponding percentage for daytime CETa stands at approximately 60%. 199 

Besides, higher values of CETs and CETa are mostly concentrated in western Europe and 200 

south-central Europe. On average for all urban clusters, CETs reaches 0.075 [0.069, 201 

0.082] °C %-1 (95 % confidence intervals in parentheses, hereafter) and 0.055 [0.049, 202 

0.061] °C %-1 at local times ~13:30 and ~10:30, respectively. These mean values of 203 

CETs are significantly (p < 0.001, t-test) higher than corresponding averages of CETa, 204 

which are 0.006 [0.001, 0.010] °C %-1 and 0.003 [-0.001, 0.008] °C %-1, respectively 205 

(Figure 3). These results indicate that the daytime urban trees’ CE quantified by Ts 206 

differs from that estimated by Ta, which is further supported by the weak correlation 207 

between CETs and CETa across all urban clusters (Figure 4).  208 
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 209 

Figure 3. Comparisons of the urban trees’ cooling efficiency estimated by surface 210 

temperature (CETs) with that estimated by air temperature (CETa). The p-value 211 

represents the significance of t-tests between CETs and CETa. If the p-value is less than 212 

0.05, it indicates a statistically significant difference between CETs and CETa. The lines 213 

and dots in the boxes represent median and mean values of trees’ cooling efficiency, 214 

respectively. The error bars indicate 95% confidence intervals. The observational times 215 

are ∼13:30 and∼1:30 for AQUA, and ∼10:30 and ∼22:30 for TERRA. The air 216 

temperature corresponding to overlaying MODIS pixels are used for daytime and 217 

nighttime overpasses. 218 

 219 

 At night, CETa is found to be positive in over 70% urban clusters, while CETs does 220 

not exhibit a fixed positive or negative tendency. In addition, higher values of CETs and 221 

CETa are concentrated in western Europe and south-central Europe. On average for all 222 
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urban clusters, CETs reaches 0.018 [0.015, 0.022] °C %-1 and -0.004 [-0.007, -223 

0.002] °C %-1 at local times ~13:30 and ~10:30, respectively. The mean values of these 224 

CETs did not differ significantly from the corresponding averages for CETa, which are 225 

0.018 [0.014, 0.021] °C %-1 and 0.008 [0.005, 0.011] °C %-1, respectively (Figure 3). 226 

These results indicate that the nighttime urban tree’ CE quantified with Ts has a higher 227 

similarity to that estimated by Ta compared to the daytime results. This finding is further 228 

supported by the observation that the distribution of CETs and CETa aligns more closely 229 

with the 1:1 line during nighttime than during daytime (Figure 4).  230 

 231 

Figure 4. Correlations between the urban trees’ cooling efficiency estimated by surface 232 

temperature (CETs) and that estimated by air temperature (CETa). The observational 233 
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times are ∼13:30 and∼1:30 for AQUA, and ∼10:30 and ∼22:30 for TERRA. The air 234 

temperature corresponding to overlaying MODIS pixels are used for daytime and 235 

nighttime overpasses. 236 

 237 

 To provide a more intuitive representation of the difference between CETs and CETa, 238 

we selected six prototypical urban clusters (Berlin, Paris, Reims Budapest, Bratislava, 239 

and Wien) with different climates, tree species, and city sizes for closer examination 240 

(Figure 5). It can be seen that both daytime Ts and Ta show almost a consistent 241 

decreasing trend with increasing FTC (i.e. fractional tree cover), suggesting that trees 242 

can play a role in reducing urban localized temperatures. However, Ts typically exhibits 243 

a greater range of spatial variability relative to Ta, and the extent of temperature change 244 

triggered by an equivalent percentage increase in FTC is more pronounced for Ts 245 

compared to Ta. This discrepancy in the response of Ts and Ta to increased FTC 246 

ultimately leads to the observed difference between CETs and CETa. 247 
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 248 

Figure 5. Changes of surface temperature (Ts) and air temperature (Ta) along fractional 249 

tree cover (FTC) gradients, taking Berlin, Paris, Reims Budapest, Bratislava, and Wien 250 

as examples. These urban clusters are situated in various climate zones, including 251 

temperate and cold zones, and feature different dominant tree species, such as 252 

coniferous and broadleaf trees. 253 

 254 

4.Discussion 255 

4.1 Spatiotemporal difference in the urban trees’ CE estimated by Ts and Ta 256 

The findings suggest a noticeable CE of urban trees during the daytime, and the 257 

impact of trees on reducing Ts is found to be substantially more than that on Ta. Tree 258 

release water vapor through small pores called stomata in their leaves, also known as 259 
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transpiration (Pirasteh‐Anosheh et al 2016). As this water evaporates, it absorbs heat 260 

from the surroundings, lowering the temperature of the surface, which in turn impacts 261 

the near surface (Gunawardena et al 2017). Evapotranspiration occurs in the immediate 262 

vicinity of the ground, where trees draw up water from the soil and release water vapor 263 

through stomata in their leaves (Berry et al 2010). This close proximity to the surface 264 

means that the CE is more directly felt at ground level (Armson et al 2012). While water 265 

vapor released through evapotranspiration does influence Ta, the impact is somewhat 266 

diluted as it mixes with the larger volume of the atmosphere (Gunawardena et al 2017). 267 

Therefore, the CE for Ta is not as concentrated as it is at the surface. Second, trees 268 

provide shade by blocking sunlight from reaching the ground, which reduces the 269 

amount of solar radiation absorbed by the Earth’s surface, leading to a substantial CE 270 

(Coutts et al 2016). On the other hand, Ta is influenced by a variety of factors, including 271 

the absorption of solar radiation by the atmosphere, conduction, convection, and 272 

radiation (Raman et al 2014). While shading by trees can have some influence on the 273 

Ta by reducing the amount of solar radiation reaching the ground, the atmosphere itself 274 

is less directly affected by shading compared to the surface (Rahman et al 2017). 275 

Therefore, the shade provided by trees has a more direct impact on the Ts than on the 276 

Ta. Third, trees play a pivotal role in creating microclimates by regulating soil moisture 277 

in their immediate surroundings (Pramova et al 2012). Adequate soil moisture 278 

contributes to a cooler surface, and the impact of soil moisture regulation is particularly 279 

significant at the surface level, where trees interact with the ground (Lagergren and 280 

Lindroth 2002). In summary, the creation of microclimates by trees involves a 281 
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combination of factors, including the evapotranspiration process, soil moisture control, 282 

and shade provision. While these factors also influence Ta, their immediate and more 283 

pronounced effects are often observed at the surface level where the vegetation interacts 284 

intimately with the ground. 285 

However, the CE of urban trees on nighttime temperatures is very limited in most 286 

cities. During the night, in the absence of sunlight for photosynthesis, trees generally 287 

close their stomata (Domec et al 2012). As a consequence of stomatal closure, 288 

metabolic activities in the leaves, including transpiration, slow down or cease (Dawson 289 

et al 2007). This reduction in transpiration leads to a notable decrease in the CE 290 

facilitated by this process (Zheng et al 2021). In addition, trees, especially deciduous 291 

ones, typically have a lower albedo, which results in more energy absorption during the 292 

day (Hami et al 2019). The additional absorbed energy is then released at night, thereby 293 

offsetting the cooling benefits that trees typically provide (Li et al 2015, Peng et al 294 

2014). Furthermore, in urban environments, tall and dense trees can influence the 295 

dissipation of heat from various structures. The obstruction of airflow may contribute 296 

to heat retention in certain areas, especially during calm nights (Cleugh 1998, Zhao et 297 

al 2023b). The factors mentioned above, to some extent, offer a plausible explanation 298 

for the reduced CE of trees at night. This also underscores the complex interplay of 299 

various factors in shaping the overall thermal behavior of urban environments 300 

influenced by tree cover. 301 

We have identified notable variations in the CE of urban trees across different cities. 302 

Firstly, the daytime CE is found to be higher in western Europe compared to central 303 
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Europe (Figure 1). This difference may be attributed to variations in tree species. 304 

Western Europe is dominated by oaks from broadleaf forests (https://inventaire-305 

forestier.ign.fr/spip.php?rubrique86), while central Europe is dominated by spruce and 306 

pine from coniferous forests (Holzwarth et al 2020). Characteristics of urban trees, such 307 

as leaf structure, color, size, and density, directly influence their effects on the 308 

surrounding environment and the observed CE (Liu et al 2019, Wang et al 2021). 309 

Secondly, a relatively higher CE is also observed in south-central Europe, characterized 310 

by a hotter and drier environment. This may be attributed to the nonlinear response of 311 

urban trees’ activity to meteorological conditions, which generally manifests itself as 312 

an increase in evapotranspiration rates with increasing temperature and decreasing 313 

humidity (Wang et al 2019, Wang et al 2020, Yang et al 2022). Besides, the role of 314 

urban trees in moderating temperature is also influenced by their spatial configurations, 315 

with densely and continuously distributed trees tending to provide more cooling 316 

benefits (Fan et al 2019, Zhou et al 2017). This may provide a plausible explanation 317 

for the significantly higher CE in some well-greened cities, such as Ludenscheid and 318 

Sodertalje (Figure 1).  319 

 320 

4.2 Significance and implications. 321 

 This study finds that the estimated daytime CE of urban trees, based on Ta, is 322 

largely lower than that based on Ts, which is in line with field-level estimates for general 323 

afforestation (Novick and Katul 2020) and multi-city estimates based on vegetation 324 

index (Chakraborty et al 2022c). Many recent multi-city studies have primarily utilized 325 
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Ts instead of Ta to assess the cooling efficiency of trees in mitigating hot environments 326 

(Chakraborty et al 2022a, Cheng et al 2022, Chinchilla et al 2021, Schwaab et al 2021, 327 

Wang et al 2019, Wang et al 2020, Zhao et al 2023a, Zhou et al 2021). However, Ta is 328 

more closely related to temperatures perceived by humans than Ts. Hence, the current 329 

Ts-based CE might inflate the cooling effectiveness of tree planting concerning public 330 

health outcomes. This could potentially foster an excessively optimistic perspective 331 

regarding the cooling advantages associated with urban trees (Chakraborty et al 2022c, 332 

Venter et al 2021, Wang et al 2023a). It should be noted that increased fractional tree 333 

cover seems to be associated with a more efficient cooling of temperatures in western 334 

and south-central Europe. Therefore, emphasizing the increase of tree cover in these 335 

regions could be crucial for mitigating the adverse effects of high temperatures on 336 

human well-being. However, overall, it appears that the increase in tree cover in most 337 

parts of Europe is not significantly associated with a reduction in Ta. Particularly at 338 

night, there is even evidence of a warming effect of tree cover in some cities. 339 

Consequently, relying solely on increasing tree cover may not be sufficient for 340 

alleviating urban heat stress, and a more comprehensive approach may be necessary. 341 

Policymakers should contemplate implementing additional measures to effectively 342 

address the escalating urban heat island effect. Feasible practical measures may involve 343 

enhancing surface albedo through the adoption of lighter roofing and paving materials, 344 

along with reducing human-generated heat emissions through promoting energy-saving 345 

lifestyles (Hayes et al 2022).  346 

While we focus on urban vegetation impacts on Ta and Ts in the present study, there 347 
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are other aspects of heat exposure within cities that should be kept in mind. Of note, 348 

urban trees can also increase humidity through transpiration (Meili et al 2020), which, 349 

in turn, can increase moist heat stress, all else remaining equal (Chakraborty et al 2022c, 350 

Ho et al 2016). While Ts should not directly be used as a proxy for heat stress, Ts has 351 

been successfully used as input to data-driven models to estimate urban Ta (Venter et al 352 

2020, Zhang et al 2022a) and even humidity (Wang et al 2023b). Trees can also provide 353 

shading, which during midday, can have a dominant impact on reducing heat loading 354 

(Middel et al 2021). However, Ta
 is only indirectly related to shading and satellites 355 

cannot sufficiently resolve shading from trees since they are primarily observing the 356 

top of the tree canopy. A recent study (Li et al 2023) over Philadelphia, USA estimated 357 

mean radiant temperature (Tmrt), a metric for thermal discomfort that also accounts for 358 

radiant heat, and found that satellite-derived Ts showed medium to strong associations 359 

with Tmrt. A future direction may be to examine quantitative differences and similarities 360 

between the CE for Ts and Tmrt.  361 

 362 

4.3 Limitations and future studies 363 

 The present study has certain limitations that should be kept in mind. First, it’s 364 

important to note that the study area is limited to Europe, and therefore our findings 365 

cannot be generalized to other climate zones globally. Second, this study only considers 366 

data from the summer month of July, overlooking seasonal variations in vegetation 367 

activity, which are temperature-dependent. It is crucial to conduct in-depth 368 

investigations into the similarities and differences in CE quantified Ts and Ta in other 369 
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seasons to capture the full spectrum of potential variations. Third, there is a discrepancy 370 

in the spatial continuity and scale between satellite Ts observations and in situ Ta 371 

measurements, and a more detailed analysis considering variations at different spatial 372 

scales could provide additional insights. Fourthly, there are sampling biases in the CWS 373 

data which are difficult to correct for. The most prominent bias is that CWS are typically 374 

placed in residential areas, rather than in commercial districts, which tend to experience 375 

higher temperatures (as indicated by Ts) (Chakraborty et al 2022c, Hulley et al 2019). 376 

This means that when utilizing CWS data, we might systematically overlook non-377 

residential areas where pedestrians could still face higher-than-expected heat stress. To 378 

ensure the accurate utilization of CWS in urban research, it is essential to improve the 379 

metadata for the sensor locations. Furthermore, there is a pressing need for more robust 380 

quality control measures. To address the aforementioned limitations, future 381 

investigations should incorporate large-scale, multi-seasonal and multi-scale analyses 382 

from multiple data sources, to support more robust constrains on the physiologically-383 

relevant cooling efficiency of urban trees. 384 
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The JCR global surface water data can be accessed from https://global-surface-399 
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