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A B S T R A C T   

Mitigating heat is a vital ecosystem service of trees, particularly with climate change. Land sur-
face temperature measures captured at a single time of day (in the morning) dominate the urban 
heat island literature. Less is known about how local tree canopy and impervious surface regulate 
air temperature throughout the day, and/or across many days with varied weather conditions, 
including cloud cover. We use bike-mounted air temperature sensors throughout the day in New 
Haven, Connecticut, USA, from 2019 to 2021 and generalized additive mixed models across 156 
rides to estimate the daily variation in cooling benefits associated with tree canopy cover, and 
warming from impervious surface cover in 90 m buffers surrounding bike observations. Cooling is 
inferred by subtracting the bicycle-observed temperature from a reference station. The cooling 
benefits from tree canopy cover were strongest in the midday (11:00–14:00, − 1.62 ◦C), afternoon 
(14:00–17:00, − 1.19 ◦C), and morning (8:00–11:00, − 1.15 ◦C) on clear days. The cooling effect 
was comparatively smaller on cloudy mornings − 0.92 ◦C and afternoons − 0.51 ◦C. Warming from 
impervious surfaces was most pronounced in the evening (17:00–20:00, 1.11 ◦C) irrespective of 
clouds, and during cloudy nights (20:00–23:00) and cloudy mornings 1.03 ◦C 95 % CI [1.03, 
1.04]. Among the hottest observed days (top 25th percentile of reference station daily maxima), 
tree canopy was associated with lower temperatures on clear afternoons − 1.78 ◦C [-1.78, − 1.78], 
cloudy midday − 1.17 ◦C [-1.19, − 1.15], clear midday − 1.12 ◦C [-1.12, − 1.11]. We add a broader 
spectrum of weather conditions by explicitly including clouds, and greater temporal resolution by 
measuring throughout the day to bike-based urban heat research. Future mobile sampling cam-
paigns may broaden the spatial extent with more environmental variation, representing an op-
portunity for public science and engagement.  
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1. Introduction 

Trees are an important part of urban ecosystems in temperate, forested regions due to their capacity for providing ecosystem 
services [1,2]. Trees help mitigate the lethality [3,4] of the worsening urban heat island effect from climate change [5] through 
shading [6–8] and evapotranspiration [7,9]. The effects of these different cooling mechanisms vary across space and over time [10,11], 
and interact with other aspects of the built environment [8,12–15] and regional meteorology [16]. 

The well-described urban heat island (UHI) effect is the phenomenon where urbanized areas are hotter than their rural and sub-
urban counterparts [17,18]. This effect is due to the prevalence of impervious, dense surfaces that absorb, store, and re-radiate heat, 
combined with the lack of vegetative cover that cools through transpiration, and shades surfaces to prevent them from getting hot in 
the first place [8,9,12]. Although spatial patterns of inter- and intra-urban surface temperature and inequity are well documented [19, 
20], less is known about spatio-temporal variability in air temperatures as they relate to urban land cover. The variable effects of tree 
canopy and impervious surface on air temperature throughout any relatively warm day, or across many days with varied cloud cover 
remains poorly understood [21]. 

Research on urban vegetation and urban heat frequently focuses on land surface temperature representing a single time of day [19, 
20,22–26]. Due to its orbit, Landsat-based work in the contiguous United States measures surface temperature between 10 and 11 a.m. 
in the morning, before temperatures reach their daily maximum. Remotely sensed estimates of surface temperature are further hin-
dered by clouds. Cloudy images are usually removed from analyses, challenging the ability to measure land cover-temperature re-
lationships under cloudy conditions. Extrapolating land surface temperature via statistical and/or physical models introduces 
substantial uncertainty [27,28]. 

Land surface temperatures did not correspond well to air temperatures recorded from fixed-location sensors in either Vancouver, 
Canada [13] or Rotterdam, The Netherlands [29]. Air temperature is a more salient measure for human health than surface tem-
perature [30], even though it is more challenging to obtain. Yet spatially extensive, ground-level air temperature monitoring remains 
rare in urban areas [31]. 

Mobile urban air temperature monitoring via multiple methods overcomes these limitations by covering a larger geographic area 
than fixed-location sensor networks [32–34]. Other mobile methods, such as on-foot measurements of air temperature capture greater 
heterogeneity than fixed-location sensor networks, and neither air temperature measurements corresponded well to land surface 
measures [13]. Bike-based mobile monitoring has been shown to be an efficient, effective, and relatively inexpensive way to collect 
intra-urban temperatures across urban areas [15]. Mobile measurements have improved the ability to measure and model urban air 
temperature at human-relevant spatial scales and throughout the day, capturing relevant inter- and intra-day variation for heat 
monitoring [33–35]. 

Mobile air-temperature monitoring efforts demonstrate how the built environment and urban form influence urban heat. Early car- 
based air temperature research identified the cooling effects of urban open spaces in Utrecht in the Netherlands [32]. Bike-based 
research in Utrecht, The Netherlands found that the strongest predictors of the urban heat island were low sky view fraction 
(amount sky visible from the ground) and the high fractional building cover [15]. Based on car-collected data, the more urbanized and 
denser local climate zone types were 0.5 ◦C–2.0 ◦C degrees warmer than less urbanized zones in the French city Nancy [36]. Low 
density residential areas, with abundant vegetation were the coolest parts of Rotterdam, The Netherlands, based on a bike-collected 
data [29]. Three mid-Atlantic US cities were cooler in highly vegetated areas and/or with lower building density, while roadways were 
the hottest, especially when vegetation near roadways was minimal, based on car-mounted sensors and modeling [33]. Importantly the 
relationships between the built environment and heat varied throughout the day, making mobile observations critical for under-
standing diurnal urban heat trends [33,34]. 

Mobile sensors deployed at different times of day have captured inter- and intra-day variation relevant for heat monitoring. A 
pedestrian-based mobile monitoring system in Singapore showed that building shade can reduce temperature by as much as 4.5 ◦C, and 
vegetation can lower air temperatures up to 4 ◦C in the day time and 1.5 ◦C at night [37]. Although urban parks can be the coolest in the 
middle of the day, they can be as warm as industrial areas due to bodies of water that store and re-emit heat at night [29]. Patterns of 
shade change throughout the day [6] as well as with different cloud conditions, thus relationship between vegetation and surface 
temperature also reflect similar temporal non-stationarity [38]. How much and under what conditions landcover-air temperature 
relationships vary over time and across space remains poorly understood. 

Some research has examined the non-stationarity among air temperature, tree canopy, and impervious surfaces over the course of a 
day using mobile monitoring [10,11]. Bike-based research in Madison, Wisconsin revealed that tree canopy cover ranging from 0 to 
100 % cover within a 90 m buffer around bike locations were non-linearly associated with ~1.5 ◦C lower air temperature in the af-
ternoon (~16:00–18:00 local time) [11]. Impervious surfaces were linearly associated with 1.3 ◦C warmer air temperatures [11]. Both 
cooling and warming effects were smaller in magnitude at night [11], again highlighting the importance of intra-day variation in 
landcover-heat relationships. Research in Washington, DC via car and using 200-m buffers showed that the difference in tree canopy 
cover from 5 % to 90 % was associated with 1.8 ◦C lower air temperature in the hottest part of the day (afternoon, 14:00–15:00 local 
time) and a slightly smaller 1.7 ◦C degree cooling effect in the evening (18:00–19:00) [10]. Concurrently, warming from impervious 
surfaces fell from 1.7 ◦C in the afternoon to 1.4 ◦C in the evening. Neither study accounted for cloud cover. 

The lack of cloud measurement is especially important since trees reduce air temperatures via shading and evapotranspiration. 
Under cloudy conditions, the former effect is minimal and it is not well understood how much transpirational cooling persists under 
these conditions. Interestingly, it has been shown that cities even create clouds: they draw moisture in through advection and then a 
combination of turbulence from urban surface roughness and abundant urban aerosols create more clouds [16]. Excluding clouds 
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prevents us from understanding the role of trees’ cooling under cloudy conditions. Further, the changing daily landcover-air tem-
perature relationships might be different on hotter days rather than cooler. Ziter and colleagues[11] found more cooling from tree 
canopy cover on hotter days. To increase generalizability, more research in additional geographic locations is needed to better 
characterize and understand the relationships between landcover composition and air temperature across space and over time in 
conjunction with varied weather conditions. 

This paper asks, 1) what are the relationships between air temperature and landcover, and how do they change throughout the day 
with varied cloud conditions? Because heat is a public health issue during especially hot periods, we also analyzed the land cover-air 
temperature relationships separately from the full dataset to understand whether the relationships changed. Next, we asked, 2) how do 
those landcover-air temperature relationships vary or not among the hottest 25th percentile days? We estimate how the relationships 
between landcover (tree canopy and impervious surface) and air temperature change throughout the day using bicycle-mounted air 
temperature sensors in New Haven, CT, from 2019 to 2021 and generalized additive mixed models (GAMM) across 156 rides. Land 
cover was summarized within 90-m buffers surrounding bike observations. The GAMMs used subsets of the data at different times of 
the day and controlled for cloud condition, wind speed and direction, elevation, and location, and ride. To evaluate the sensitivity to 
the time of day thresholds, the analyses were repeated with 1-h shifted subsets. The purpose of this paper is to understand how the 
relationship between land cover and air temperature change over time and across space, so that more realistic cooling benefits of urban 
trees can be obtained. 

2. Methods 

2.1. Study area 

New Haven, Connecticut (population ~130,000), is a city located in southern New England north of the Long Island sound, USA 
(41◦18′29.0"N, 72◦55′38.3"W, Fig. 1A). The municipality is ~49.2 km2, and the region is classified as Dfa in the Köppen-Geiger climate 
classification system, or Humid Continental Hot Summers With Year Around Precipitation [39]. The summers are warm and humid, 
the winters are cold and snowy, and it is partly cloudy all year. The mean annual temperature is 11.2 ◦C from 1981 to 2010, the mean 
annual January temperature is − 1.11 ◦C, the mean annual July temperature is 23.33 ◦C, and the mean annual precipitation is 119.66 
cm [40]. 

2.2. Bike-based measures 

We took mobile measurements of air temperature data using sensors mounted on bicycles’ handle bars. The “Smart-T″ sensors 
communicate with cell phones to log GPS information for every temperature record (https://biking-for-science.yale.edu/sensors/ 
smart-t; [41][42]). Sensors were contained within ABS-like resin radiation shields, and calibrated in a lab using two fans, which 

Fig. 1. New Haven in its regional context showing the Long Island Sound to the south (A), a sample of temperature-anomalous rides are overlaid on 
the high resolution (1 m2), high-accuracy (≥95 %) landcover data (B), a close up of the detailed landcover data (C). 
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ensured that each sensor recorded ambient temperature accurately and consistently [42]. Each bike ride generates a data transect 
along a biking route by logging latitude, longitude, time, and temperature. The spatial resolution of such data transect is 4 m when 
biking at a speed of 4 m/s (i.e., 14.4 km/h). The sensor’s response time to step changes in temperature is 9.7 (± 3.2) s. 

We measured 156 transects. Rides occurred between June 15 and September 15 of each year between 2019 and 2021 to coincide 
with the warmest parts of the year. The biking routes start in highly impervious residential areas. Most routes were selected by 
volunteer cyclists (one coauthor, a university professor, and staff member) corresponding to their commuting routes. These volunteers 
took different routes to and from work and home to cover a larger area. This approach is both practical for data collection and may 
reflect common human experiences of urban heat but results in neither a fully random nor systematic sampling design (e.g. Fig. 1B). 
We therefore designed three additional routes to capture areas with high percent tree canopy cover, directing riders (incoming masters 
students) through one or more urban parks to ensure a range of land cover conditions were included. The routes were not the same 
each day, nor were the routes ridden at the same time, as a result the land cover summaries vary across hotter or cooler and/or cloudy 
days. The rides averaged 32 min, ranging from 1 to 86 (median 32, interquartile range = 19.11). Relatively short ride durations (i.e. 
~30 min) were intended to reduce the influence of changing background temperature throughout a ride. 

Parts of the tree canopy in each bike-based point comes from street trees. The street tree population varies in size and species; 
common species include oaks, maples, Honey locust, Bradford pear, ornamental cherry and apple trees, and dogwood [43]. The street 
inventory map can be found here: https://uri.yale.edu/maps/street-tree-inventory-map. 

2.3. Temperature anomaly 

The primary variable of interest was the bicycle-observed temperature minus the reference temperature (described next), hereafter 
“temperature anomaly”. Temperature anomaly therefore represented how temperatures recorded by bicycle throughout the city 
differed from a spatially fixed-reference sensor. 

We obtained reference temperature data from Weather Underground (WU; https://www.wunderground.com/). WU is an inter-
national network of individuals using weather stations to supply detailed, localized information. A station (KCTEASTH102; Fig. 1B) 
with complete data to match the bike rides was selected so that all bike-based observations could be included. KCTEASTH102 provides 
data in 5-min intervals, which were linearly interpolated to create 1 s timesteps so as to facilitate linkages with bike temperature data 
by date and time. KCTEASTH102 is in a suburban residential neighborhood and the landcover surrounding the station in a 90 m2 buffer 
is 27 % tree canopy cover, 47 % grass/shrub, and 26 % impervious surfaces. 

Because previous research has shown varying relationships throughout the day [10,11,34], we divided the data into five 3-h pe-
riods consisting of: morning (8:00–11:00), midday (11:00–14:00), afternoon (14:00–17:00), evening (17:00–20:00), and night 
(20:00–23:00, Table 1). Models were fit independently for each of the five subsets. In New Haven the sun sets at 19:01 on Sept 15, the 
shortest day of the year examined, and at 20:28 on June 21, the longest day. Therefore, sunsets mainly occurred within the evening 
chunk. 

To address question #2 pertaining to the hottest observations, we retained only the upper quartile of hottest days based on ranking 
of the maximum temperature at the reference station on that day. The models per time of day were re-estimated with only those hottest 
25 % of the data. To evaluate the sensitivity of chosen thresholds for the times of day as a robustness check (question #3), the analyses 
were performed again where each break was moved 1 h earlier, called the offset time analyses. 

Table 1 
Distribution of mobile air temperature sampling by time of day and year. All rides occurred between June 15 and September 15. Ob-
servations include temperature and time at a latitude/longitude point.  

Time of Day Year Rides (n) Observations (n) 

Morning (8:00–11:00) 2019 19 21,291 
morning 2020 15 17,878 
morning 2021 1 257 
morning subtotal 35 39,426 
midday (11:00–14:00) 2019 27 32,757 
midday 2020 18 32,547 
midday 2021 3 4090 
midday subtotal 48 69,394 
Afternoon (14:00–17:00) 2019 6 6770 
afternoon 2020 14 19,536 
afternoon 2021 3 4425 
afternoon subtotal 23 30,731 
evening (17:00–20:00) 2019 3 6085 
evening 2020 21 28,541 
evening 2021 1 930 
evening subtotal 25 35,556 
night (20:00–23:00) 2020 22 23,550 
night 2021 3 3222 
night subtotal 25 26,772  

Total 156 201,879  
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2.4. Predictor variables 

The temperature anomaly response was modeled as a function of landcover (tree canopy and impervious surface) while controlling 
for key covariates (next section). High resolution (≤1 m2), high classification accuracy (≥95 %) landcover mapping via object-based 
automated feature extraction techniques to a combination of high-resolution LiDAR and imagery (Fig. 1C) [44,45] resulted in a 
seven-class landcover dataset with a spatial resolution of 0.9144 m. This was followed by a comprehensive manual review in which 
errors observed at a scale of 1:3000 were corrected. Building, transportation (roads/railroads), and other impervious (e.g., sidewalks, 
parking lots, etc.) surfaces were combined to create a single, aggregated impervious surface class. Impervious surface and canopy area 
were extracted surrounding each of the 201,879 bike measurement locations at buffer distances of 10-, 30-, 60-, and 90-m for 
comparability with previous research [10,11]. The 10-, 30-, and 60-m analyses are shown in the appendix, since Ziter and colleagues 
(2019) found the best fit with 90 m buffers. 

We accounted for other influences on air temperature including elevation, wind, and location. Elevation was derived from the same 
LiDAR used to create the landcover data. The digital elevation model value corresponding to each bike measurement point was 
extracted. Reference station data from KCTEASTH102 also included windspeed and direction over 16 bearings, which were reclassified 
into 8 cardinal directions (N, NE, W, SE, S, SW, W, NW) for ease of interpretation and model parsimony. Latitude and longitude were 
included to account for unexplained variance owing to geographic location and unmeasured covariates and to mitigate spatial 
autocorrelation (Ziter et al., 2019). Local Climatological Data were downloaded from NOAA’s National Centers for Environmental 
Information (https://www.ncdc.noaa.gov/cdo-web/datasets/LCD/stations/WBAN:14758/detail) collected at the Tweed New Haven 
Airport to obtain cloud cover estimates (Fig. 1B). 

2.5. Statistical analyses 

Scatter plots of the entire dataset suggested nonlinearities between canopy and air temperature, and impervious surface and air 
temperature. Generalized Additive Mixed Models (GAMMs) estimate and weight a series of basis functions to flexibly fit smoothed, 
non-linear relationships between predictors and the dependent variable while penalizing to prevent overfitting [46]. GAMMs can be 
thought of as a balance between relatively inflexible and highly interpretable linear models, and machine learning techniques that are 
highly flexible but often difficult to interpret [47]. 

Each observation from a bicycle trip or “ride” bears resemblance to others on that same ride. Therefore, ride was included as a 
random intercept to account for the self-similarity contained within a ride at a relatively similar time of day and geographic area. The 
variety of rides across space and over time captured a diverse array of conditions, and the random intercept allows detection of un-
measured variability rather than assuming it away. 

Because the data were spatially and temporally autocorrelated, traditional statistical assumptions of independence would not hold. 
However, given the large overall sample size, and large number of observations per each time strata, we employed a resampling 
approach. In the main analyses, for each of five times of day, we selected a 10 % subsample with replacement, fit a GAMM, then 
repeated this process 100 times. Each model therefore contained sufficient data relative to the number of estimated parameters, yet the 
probability of any draw being collected from nearby places, times, and/or ride was reduced. Predictions from each model run were 
then combined and used to derive mean and 95 % confidence intervals derived from each distribution of predictions at desired co-
variate values. The GAMMs used this formula: 

temperatureAnomalyx,y,t,r = cloudsClear +windDirection+ s
(
treeCanopyCoverx,y,t,r , by cloudsClear

)

+ s
(
imperviousSurfacex,y,t,r, by cloudsClear

)
+ s

(
elevationx,y,t,r

)
+ s

(
windSpeedx,y,t,r, by windDirectionx,y,t,r

)

+ s
(
lon, latt,r

)
+ tripr

(1)  

Where temperatureAnomalyx,y,t,r is the bike-measured temperatures throughout the City of New Haven minus the reference station 
temperature at longitude x, latitude y, at time t, on ride r. The reference station was surrounded by grass in a suburban area. cloudsClear 
is a categorical variable with two values clear or not clear (comprised of the following conditions: few, scattered, or broken clouds, or 
overcast), windDirection is a categorical variable. s() is a smoother function with 3 knots for treeCanopyCover, imperviousSurface, 
elevation, and windSpeed, and 30 knots for s(lon, lat). tripr is a random intercept per ride. Smoothers were fit for treeCanopyCover, 
imperviousSurface for each cloudsClear condition, and for windSpeed for each of the eight directions in windDirection, hence the “by” in 
Eq (1). 

In order to understand the relationship between landcover (tree canopy cover and impervious surfaces) during the hottest days, the 
whole dataset was filtered to contain only the hottest 25 % of days based on the reference station’s daily maxima. When analyzing on 
the hottest 25 % of the data, the subsample percentage was increased to 20 % to have enough data relative to the number of model 
parameters estimated. In the offset time analyses, the setup was the same except the time-of-day break was shifted 1 h earlier. The 
purpose was to understand the role of the chosen time of day thresholds. 

To evaluate model fit by buffer size, the R2 values were examined. Given the unexpected stability of R2 values across buffer dis-
tances, the models were refit without the lon/lat smoother, which showed that larger buffer distances had higher R2 values within a 
time of day, but the degree of those differences varied with time of day sensu Alonzo and colleagues [10] (not shown). For compa-
rability with Ziter and colleagues [11], we focus on 90 m buffer models. The 10-, 30-, and 60-m results are shown in Figs. S1–S3. 

D.H. Locke et al.                                                                                                                                                                                                       

https://www.ncdc.noaa.gov/cdo-web/datasets/LCD/stations/WBAN:14758/detail


Heliyon 10 (2024) e25041

6

Analyses were carried out using R version 4.1.2 (2021-11-01), data additional and details can be found in the reproducible code 
[48]. Because many of the routes originate or terminate at riders’ homes, the first and last 200 points have been removed from each trip 
to preserve anonymity; the code will therefore not reproduce the exact same results. Fig. 1 was created with ArcMap version 10.8.2. 

3. Results 

The final dataset included 156 rides taken between June 15 and September 15 in years 2019, 2020, and 2021 (Table 1), repre-
senting a wide range of tree canopy and impervious cover percentages, cloudiness, elevation, and the reference station experienced a 
variety of wind speed and direction conditions, but wind mostly came from the South (Table 2, Table S1). Morning rides had notably 
less tree canopy cover (Table 2). 

The models accounted for a substantial amount of variation in temperature anomaly. The R2 values ranged from an average of 0.65 
in the 10 m midday models, to a high of 0.96 in the 90 m afternoon models. Within a time of day, R2 values did not vary substantively. 

3.1. Changing land cover-air temperature relationships 

The cooling benefits from tree canopy cover were strongest in the midday (11:00–14:00), afternoon (14:00–17:00), and morning 
(8:00–11:00) on clear days (Fig. 2). To summarize all of the estimates, the difference between model predictions at 100 % cover and 0 
% cover are provided in Table S2. The difference in air temperature anomaly was − 1.62 ◦C 95 % Confidence Interval (CI) [− 1.63, 
− 1.61], − 1.19 ◦C [− 1.21, − 1.18], − 1.15 ◦C [− 1.18, − 1.12], respectively, between 0 and 100 % tree canopy cover for midday, af-
ternoon, and mornings. On cloudy rides in the morning and afternoon tree canopy was associated with temperature reductions above 
~35–40 % canopy cover and the magnitude of the effect was comparatively small: − 0.92 ◦C 95 % CI [− 0.94, − 0.89] and − 0.51 ◦C 95 
% CI [− 0.53, − 0.50], though morning rides tended to be along routes that had less tree canopy yielding greater uncertainty at high 
canopy fractions (Table 2, Fig. 2). Tree canopy in the midday and at night (20:00–23:00) under cloudy skies was associated with 
0.53 ◦C 95 % CI [0.56, 0.50] and 1.43 ◦C 95 % CI [1.39, 1.46] warmer temperatures than the mostly grass-surrounded reference site, 
respectively, consistent with the idea that trees might be trapping heat in on cloudy nights when compared to open, grassy areas. 

Relationships between impervious surface cover and temperature anomaly varied by cloud condition and time of day as well. For 
example, on clear mornings the relationship was concave, but convex on cloudy mornings, revealing important shifts in landcover-air 
temperature relationships. Warming from impervious surfaces was most pronounced in the evening (17:00–20:00) 1.11 ◦C 95 % CI 
[1.11, 1.11] on clear and cloudy rides, and during cloudy nights (20:00–23:00) and cloudy mornings 1.03 ◦C 95 % CI [1.03, 1.04] when 
impervious cover ranged from 0 to 100 %. Such observations are consistent with the idea that impervious surfaces effectively extend 
the period of time when human health is at greatest risk by elongating the period of exposure to high air temperatures. 

3.2. Sensitivity analyses 

Offset time analyses added more support for temporal non-stationarity in the relationship between landcover around bike trips and 
air temperature. Each time-of-day break was shifted 1 h earlier (descriptive statistics, Table S3), and several estimates changed 
substantially (Fig. 3). For tree canopy, shifting the definition of morning by 1 h resulted in a change from a nonlinear cooling when 
cloudy and roughly linear cooling when clear at high percent tree canopy cover, to no mean cooling and high uncertainty for both 
cloudy and non-cloudy conditions. These shifts are plausibly due to the combination of lower sample size, less tree canopy cover in 
those observations, and that the sun had not yet warmed the study area, which could be addressed with future research. In the midday 
cloudy rides, the relationship shifted from a strongly non-linear, concave warming 0.53 ◦C [0.5, 0.56] to an approximately linear 
(median effective degrees of freedom = 1.02) cooling effect − 0.28 ◦C [− 0.30, − 0.25]. Consistent with the main findings, there were 
significant cooling effects during the clear midday period − 1.43 ◦C [− 1.43, − 1.42], on cloudy afternoons − 1.17 ◦C [− 1.19, − 1.16], 
and on clear afternoons − 1.12 ◦C [− 1.13, − 1.10]. Clear evenings − 1.09 ◦C [− 1.15, − 1.03] also showed a significant cooling effect. 
Compared to the main analyses (Fig. 2), the clear and cloudy estimates for impervious surfaces in mornings become similar, while the 
midday relationships become dissimilar in the offset time analyses (Fig. 3). The warming effects of impervious surface cover grew 
stronger and more linear at night. 

Table 2 
Summary of temperature anomaly, landcover, elevation and wind speed. Median (IQR).  

Characteristic Overall, 
N = 201,879 

Morning 
N = 39,426 

midday 
N = 69,394 

Afternoon 
N = 30,731 

Evening 
N = 35,556 

night, 
N = 26,772 

Temperature Anomaly 0.64 (− 0.20, 
1.41) 

0.86 (0.19, 
1.50) 

0.62 (− 0.09, 
1.28) 

− 0.33 (− 2.06, 
0.60) 

0.35 (− 0.57, 
1.19) 

1.75 (0.95, 
2.41) 

Tree Cover (%, 90 m) 23 (13, 36) 15 (13, 29) 24 (13, 37) 25 (14, 46) 24 (14, 39) 22 (14, 33) 
Impervious Surface (%, 90 m) 53 (32, 67) 55 (46, 67) 47 (30, 63) 50 (25, 64) 56 (29, 71) 58 (40, 71) 
Elevation (m) 41 (27, 60) 44 (28, 61) 42 (26, 60) 42 (28, 99) 41 (28, 46) 37 (26, 44) 
Wind Speed (miles per hour) 0.85 (0.16, 1.77) 1.21 (0.50, 

1.77) 
1.24 (0.68, 2.28) 0.60 (0.25, 1.10) 0.27 (0.00, 0.96) 0.00 (0.00, 

1.40)  
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3.3. Hottest-day analyses 

Filtering for the hottest 25 % of days based on the reference site’s daily maxima, the resulting reference observations were 29–33 ◦C 
and contained no nighttime temperatures. Among the hottest days, tree canopy was associated with lower temperatures on clear 
afternoons − 1.78 ◦C 95 % CI [− 1.78, − 1.78], cloudy midday − 1.17 ◦C 95 % CI [− 1.19, − 1.15], clear midday − 1.12 ◦C 95 % CI 
[− 1.12, − 1.11] (Fig. 4, Table S2). Concurrently, the warming effect of impervious surfaces was strongest on clear and cloudy after-
noons up to ~50 % cover, and during clear evenings 2.07 ◦C 95 % CI [2.05, 2.09]. Counterintuitively, tree canopy was associated with 
greater temperature anomalies on hot, cloudy afternoons above ~30 % tree canopy, on hot, clear evenings below 30 % cover. It is 
possible that earlier in the day there were clear conditions for those particular observations, and residual warming from the sun affects 
these estimates. Additionally, greater impervious surface cover on clear evenings was associated with a linear cooling effect of 
− 1.55 ◦C 95 % CI [− 1.59, − 1.52]. This could be due to spatial miss-matches between bike observations and the temperature reference 
station; the reference may have been beneath cloudy skies. Nonetheless, it seems clear that under local conditions, relationships 
between landcover and temperature anomaly change throughout the day and are in some cases different from the larger, all- 
encompassing dataset. 

4. Discussion 

4.1. Trees cool, impervious surface warms, and those relationships change throughout the day with cloud cover 

We found that the relationship between landcover and cooling or warming changes throughout the day, as described by prior 
research [10,11]. We identified stronger cooling benefits in the midday, afternoon, and during the morning on clear days. Similar to 
prior research, we also found a 1.62 ◦C cooling effect on clear days between 11:00 and 14:00, and 1.19 ◦C effect between 14:00 and 
17:00. On the hottest clear days (top 25 % hottest of reference station’s daily maxima) tree canopy cooled 1.12 ◦C from 11:00 to 14:00 
and 1.78 ◦C from 14:00–17:00. In Washington, D.C. the cooling effect was ~1.8 ◦C from 14:00–15:00 local time [10] and in Madison, 

Fig. 2. Estimated temperature anomaly (bike temperature minus reference station) from tree canopy (top) and impervious surface (bottom) in 90 m 
buffers by cloud condition from resampled generalized additive mixed models controlling for elevation, location, trip, and wind speed per direction. 
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Wisconsin the cooling effect was ~1.5 ◦C from 16:00–18:00 local time [11]. However, our paper uses measurements spread more 
continuously through the day to highlight changing diurnal variation. It is possible that the many rides used here, spanning months and 
years, better capture the range of how changing meteorological conditions may alter the landcover-air temperature relationships over 
a day, and offer greater generalizability. 

The shapes of the prediction curves bear some similarities and some key differences to prior related research, while highlighting the 
importance of including cloud condition. Prior research in Madison, Wisconsin [11] identified a threshold of tree canopy cover 
~35–40 % within a 90 m buffer, with minimal cooling below that level. Research in Washington, D.C. found a roughly linear cooling 
effect that was stronger in the afternoon and evenings than during the predawn hours [10]. Those later findings match our clear-day 
relatively linear morning, midday, and afternoon findings. This could be due to the smaller geographic study area, less sampling in 
large, forested parks, and a larger overall apparent role of transpirational cooling rather than shading. However, our cloudy models 
suggest tree canopy-related warming in the midday and at night. Moreover, key landcover-air temperature relationships varied with 
cloud condition. For example, morning tree canopy and air temperature relations were concave when clear, and convex when cloudy. 
This pattern would have gone unobserved without explicitly including cloud cover in the analysis. Satellite-based land cover analyses 
are incapable of detecting such dynamics. It has been suggested that aerodynamic roughness of trees can trap heat in cities [7], and that 
cities have more cloud cover than their rural surroundings due to the combination of cities advected moisture in, surface roughness 
creates turbulence, and abundant urban aerosols [16]. If cities do indeed create clouds, the sum total of these complex and interacting 
mechanisms may mean that tree canopy cover on cloudy days can be associated with greater temperatures, which were observed here 
(Fig. 2). 

Urban trees reduce temperatures via evapotranspiration and shading. The role of shading was reduced under cloudy conditions, 
specifically in the afternoon, when our main results showed significant cooling on clear (− 1.19 ◦C) and cloudy (− 0.51 ◦C) rides, 
whereas the offset time analyses also showed similarly significant cooling on clear (− 1.12 ◦C) and cloudy (− 1.17 ◦C) rides. More 
muted, but still significant, reductions in temperature anomalies under cloudy conditions reinforce the importance of evapo-
transpirative cooling for air temperature. The role of shading was also diminished in midday models when the sun is typically at its 
zenith and air temperature is warming to due convection following a morning of surface heating. Nevertheless, on clear days tree 

Fig. 3. Results of the offset time analyses where the time breaks were shifted an hour earlier. Note the different vertical axes lengths to accom-
modate larger estimates and uncertainty. 
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canopy reduced temperatures by 1.62 ◦C in the main analyses, 1.43 ◦C in the offset time analyses, and 1.12 ◦C on the hottest days in the 
midday time period. Sampling campaigns designed to measure the hottest days may therefore underestimate the cooling benefits of 
urban trees, though more research is needed. 

Higher impervious surface fractional cover was almost always associated with higher temperatures in our models, except at 
extremely high levels of cover (90–100 %) during the midday and afternoon periods. This could be due to taller buildings casting 
longer shadows in the downtown area creating a canyon effect, where such levels of impervious cover were likely to occur. Buildings 
shade has been shown to reduce air temperature by as much as 4.5 ◦C in Singapore [37]. 

We studied land cover-air temperature relationships changing over the course of a day and note that surface temperature studies 
cannot directly explain the role of clouds when relying on remotely sensed imagery. The sampling here represents large mobile 
sampling campaign (>200,000 observations) specifically to test the relationships between air temperature and landcover. Road-based 
sampling with cars and/or bikes are spatially-biased to road networks and sidewalks, which are composed of impervious surfaces and 
may bias results relative to the entire mix of urban land uses and landcovers [33,35]. A strength of this study is the use of volunteers on 
their commuting routes focuses analyses on corridors in heavy use by residents and may better reflect common experiences than 
randomly chosen paths. 

4.2. Limitations and directions for future research 

The analyses here added landcover (tree canopy and impervious surface) to the study of urban microclimates that have tended to 
focus on vegetation in general [37], greenspaces like parks [29,49], pavement types [8,50,51], types of shade [12], building type and 
configuration [13,14], land use [15], and other elements of urban form [32,34,36,37]. Our focus on tree canopy and impervious 
surface did not include these other important factors. Future research might consider deliberately adding more routes to achieve more 
landcover end members (100 % tree canopy or impervious surface cover), and over a wider range of times per day. Moreover, sampling 
could occur within parks or urban forest patches on foot [37], or be included on bus routes to designed to cover large spatial extents 
with higher frequency [35]. Debates on creating the optimal sampling network, the utility, accuracy, and cost effectiveness of fixed 

Fig. 4. Estimated temperature anomaly (bike temperature minus reference station) on the hottest 25 % of the reference station’s daily maxima, 
which were 29–33 ◦C. 
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versus mobile versus hybrid sensor networks notwithstanding [35,52,53], future mobile sampling campaigns represent an exciting 
opportunity for public science and engagement, as well [54]. Additional, multi-modal (on foot, by bike, on scooters, with busses, etc) 
mobile monitoring with a greater spatial extent, including more sources of environmental variation over a greater range of meteo-
rological conditions, and carried out by community members in a fun and educational manner represents an important environmental 
science research-educational opportunity. 

More sophisticated measures of canopy spatial arrangement such as patch size and shape have been shown to be important for 
urban surface temperature via tree canopy cover [25]. How do several small patches of canopy cool air relative to a larger patch of the 
same total size? Large urban parks in Addis Ababa, Ethiopia have substantially lower surface temperature [49] and air temperatures 
were considerably lower in parks in Rotterdam, The Netherlands [29] than the surrounding urban matrix. However, unique 
high-resolution land surface temperature research showed that small patches of vegetation in residential yards provided dispropor-
tionate cooling benefits during an extreme heat waves in Adelaide, Australia [55]. Configuration and adjacency of urban vegetation 
could also be included in future studies [26]. Ultimately, we may better understand the urban heat island by separating out tree canopy 
hanging over various surfaces including woodland soils, roofs, or pavement [10], by including different types of impervious surfaces 
[50,51], and considering size, shape, configuration [26], and adjacency of different landcover types. 

A notable difference between this research and prior related work pertains to the landcover maps. Both Ziter and colleagues [11] 
and Alonzo and colleagues [10] had tree and impervious surfaces as non-exclusive classes; tree canopy over impervious surface was 
classified as impervious and again as tree canopy. In fact, Alonzo et al. (2021) demonstrated the importance of distinguishing these 
classes explicitly. Here tree canopy and impervious surfaces were mutually exclusive categories. Trees overhanging impervious sur-
faces were assigned to the tree category. Since these two landcover classes were part of the same whole, they were more strongly 
correlated – to an extent – by construction (10 m buffer r = − 0.814, 90 m buffer r = − 0.839, p < 0.0001). Moreover, Madison, 
Wisconsin had substantially more grass/shrub area, which lowered the tree canopy/impervious correlation. We did not include an 
interaction between canopy and impervious (like both Ziter and Alonzo) due to their high bivariate correlation (from construction and 
actual landscape conditions), high collinearity, and high concurvity. Future landcover-air temperature analyses in a greater set of 
locations could make use of the Chesapeake Conservancy’s (2022) freely available high-resolution (1 m2) high-accuracy [56] 12-class 
landcover dataset for the entire Chesapeake Bay watershed, covering ~200 counties and jurisdictions (https:// 
chesapeakeconservancy.org/conservation-innovation-center-2/high-resolution-data/land-cover-data-project/). The 12 classes 
include tree canopy, tree canopy over structures, tree canopy over impervious surfaces, and tree canopy over impervious roads. 
Therefore, tree canopy and impervious surfaces are not part of the same whole, and they better reflect class differences in 3-dimen-
sional space. 

Different types of pavements have different relationships with air temperature, too [50]. It has also been suggested that different 
subclasses of impervious surface (e.g., roads vs buildings vs parking lots) could be analyzed separately [20], and may have different 
relationships with air temperature [34], which the Chesapeake Conservancy layer also supports. Tree canopy cools via shading and 
transpiration mechanisms, evaluating tree canopy over different surfaces may provide clues about the unique – and additive – benefits 
of those two different mechanisms. 

Temporally-lagged predictors might be useful in future research. For example, a cloudy afternoon might have been preceded by a 
sunny morning. That would lead to different estimates than a cloudy morning with a subsequently clear afternoon. In both cases, only 
looking at the afternoon conditions may have missed the role of cloud cover in the prior time period. 

Future research could incorporate the benefits of larger spatial extents and repeated measures from mobile sensors, with mean 
radiance, which may better reflect the lived experience with respect to heat stress and human perceptions of heat [8,12]. Mean 
radiance factors in the thermal burden on a person even better than air temperature. A hand-pulled wagon or ‘MaRTy‘ cart [57], 
equipped with temperature, humidity, radiance sensors, cameras, and other sensors mounted in multiple directions have shown the 
importance of different types of shade from buildings, trees, and different types of shade structures, etc. [12], and reflective pavements 
[8,50] for urban cooling or warming. Additional mobile mean radiance measures represent an important research frontier. 

5. Conclusions 

Our findings support the interpretation that the relationship between landcover and air temperature changes based on time of day, 
cloud cover conditions, and extreme heat. We found the strongest cooling benefits of tree canopy in the clear morning, midday, and 
afternoon conditions, and not during the evening or at night. The cooling effect was comparatively smaller on cloudy mornings and 
afternoons. The cooling benefits of tree canopy were close to linear in most cases, even though some other similar studies have 
indicated a non-linear, threshold-like effect. The cooling was more muted at night (perhaps due to trapping heat in), under cloudy 
conditions, and during the hottest observations. Warming from impervious surfaces was most pronounced in the evening irrespective 
of clouds, and during cloudy nights and cloudy mornings. We add a broader spectrum of weather conditions by explicitly including 
clouds, and greater temporal resolution by measuring throughout the day to bike-based urban heat research. Future mobile sampling 
campaigns may broaden the spatial extent with more environmental variation, representing an opportunity for public science and 
engagement, and contribute to more reasonable expectations about the benefits realized through maintaining and expanding urban 
tree canopy cover. 
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last 200 points have been removed from each trip to preserve anonymity; the code will therefore not reproduce the exact same results. 
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