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Scale-dependent interactions between tree canopy
cover and impervious surfaces reduce daytime urban

heat during summer
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As cities warm and the need for climate adaptation strategies increases,
a more detailed understanding of the cooling effects of land cover
across a continuum of spatial scales will be necessary to guide
management decisions. We asked how tree canopy cover and
impervious surface cover interact to influence daytime and nighttime
summer air temperature, and how effects vary with the spatial scale at
which land-cover data are analyzed (10-, 30-, 60-, and 90-m radii). A
bicycle-mounted measurement system was used to sample air temper-
ature every 5 m along 10 transects (~7 km length, sampled 3-12 times
each) spanning a range of impervious and tree canopy cover (0-100%,
each) in a midsized city in the Upper Midwest United States. Variability
in daytime air temperature within the urban landscape averaged 3.5 °C
(range, 1.1-5.7 °C). Temperature decreased nonlinearly with increasing
canopy cover, with the greatest cooling when canopy cover exceeded
40%. The magnitude of daytime cooling also increased with spatial
scale and was greatest at the size of a typical city block (60-90 m).
Daytime air temperature increased linearly with increasing impervious
cover, but the magnitude of warming was less than the cooling asso-
ciated with increased canopy cover. Variation in nighttime air temper-
ature averaged 2.1 °C (range, 1.2-3.0 °C), and temperature increased
with impervious surface. Effects of canopy were limited at night; thus,
reduction of impervious surfaces remains critical for reducing nighttime
urban heat. Results suggest strategies for managing urban land-cover
patterns to enhance resilience of cities to climate warming.

urban heat island | urban forest | air temperature | ecosystem services |
landscape context

he urban heat island effect (UHI), in which temperatures are

higher in urban compared with surrounding rural environments
(1, 2), presents a major sustainability challenge for cities. Owing
mainly to replacement of vegetation with impervious surfaces, high
city temperatures increase the vulnerability of urban residents to
heat waves and climate warming and drive urban energy demands
and costs upward globally (3-6). Extreme high temperatures are
increasingly reported in cities worldwide, with record-setting heat
reported in many northern hemisphere cities in summer 2018 (7).
Strategies to improve cities’ resilience to future climates are critical
as urban areas expand, urban populations grow, and extreme heat
events increase in frequency in a warming world (8, 9).

Although the broad-scale causes, magnitude, and spatial extent of
urban-rural temperature differences have been studied extensively
(2, 4), less is known about how landscape heterogeneity within cities
affects local variation in temperature. (Research linking land-cover
patterns and land surface temperature (e.g., from satellite imagery)
shows that the UHI is more an “archipelago” than an “island,” with
temperature differences between localized hot and cool spots as large
as temperature differences along the urban-rural gradient (6, 10).
However, spatially distributed measurements of local air temperature,
a key metric for public health outcomes (11), at within-city scales
relevant to adaptation (e.g., 10s to 100s of meters) are limited.

Studies of intraurban air temperature have focused largely on
either impervious surfaces, which absorb and retain heat (1), or
the “park cool island” effect, in which green spaces such as parks
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are cooler than built-up areas. Temperature within parks is further
modified by the size, shape, and type of vegetated patches (12, 13).
However, cities are not neatly divided into green and impervious
spaces. Rather, natural and built features are integrated at fine
scales within cities (14, 15), and features can even co-occur (e.g.,
tree canopy over pavement). Studies that quantify effects of land
cover on urban air temperature across the range of spatial scales
that incorporate this heterogeneity can provide a strong founda-
tion for developing urban climate adaptation strategies. In addi-
tion, such studies must explore potential interactions between
impervious cover and vegetation structure because they are not
necessarily mutually exclusive at fine scales.

Urban trees may offer an important opportunity to mitigate
high temperatures at the scale of urban residents’ daily lives. Trees
are prevalent throughout many cities, and unlike the relatively
static size and shape of parks, the urban canopy continually
changes. Canopy cover changes as trees mature and in response to
policy, societal preference, disturbance, and pests or disease (16-18).
The potential of trees to regulate temperature is widely acknowl-
edged, with forested green spaces reaching much cooler temperatures
than their nontreed counterparts (12, 13, 19). However, many

Significance

Cities worldwide are experiencing record-breaking summer air
temperatures, with serious consequences for people. Increased
tree cover is suggested as a climate adaptation strategy, but
the amount of tree canopy cover needed to counteract higher
temperatures associated with impervious surface cover is not
known. We used a bicycle-mounted measurement system to
quantify the interaction of canopy cover and impervious sur-
face cover on urban air temperature. Daytime air temperature
was substantially reduced with greater canopy cover (>40%)
at the scale of a typical city block (60-90 m), especially on the
hottest days. However, reducing impervious surfaces remained
important for lowering nighttime temperatures. Results can
guide strategies for increasing tree cover to mitigate daytime
urban heat and improve residents’ well-being.

Author contributions: C.D.Z., CJ.K., and M.G.T. designed research; C.D.Z. and E.J.P. per-
formed research; C.D.Z. and E.J.P. analyzed data; and C.D.Z,, E.J.P., CJ.K,, and M.G.T.
wrote the paper.

Reviewers: M.L.C., University of California, Davis; and G.D.J., University of California,
Riverside.

The authors declare no conflict of interest.
Published under the PNAS license.

Data deposition: All data and scripts associated with the manuscript have been archived
with the Environmental Data Initiative and can be found at https:/portal.edirepository.
org/nis/mapbrowse?packageid=edi.314.2.

'"To whom correspondence may be addressed. Email: carly.ziter@concordia.ca or
turnermg@wisc.edu.

2Present address: Department of Biology, Concordia University, Montreal, QC H4B2A7, Canada.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1817561116/-/DCSupplemental.

PNAS Latest Articles | 10of 6

>
e
=
o0
<
=
<
-
©n
>
©n

ENVIRONMENTAL

1]
[~
H
u
o
wv

SCIENCES


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1817561116&domain=pdf&date_stamp=2019-03-20
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://portal.edirepository.org/nis/mapbrowse?packageid=edi.314.2
https://portal.edirepository.org/nis/mapbrowse?packageid=edi.314.2
mailto:carly.ziter@concordia.ca
mailto:turnermg@wisc.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1817561116
Default User
Highlight

Default User
Highlight


PNAS

landscape-scale studies group trees alongside other vegetation (e.g.,
normalized difference vegetation index; other “greenness” metrics)
despite the potentially greater cooling offered by trees compared with
lower-stature vegetation (20). Trees and impervious surfaces can also
have similar coverage at the same location, such as when roads,
sidewalks, and roofs are covered by a closed canopy. Understanding
of the magnitude and scale at which trees affect local air temperature
in cities is hampered by the paucity of data along continuous gradi-
ents and for combinations of canopy and impervious surface.
Advances in sensor-based methods, and mobile sensors in
particular, provide opportunities to quantify air temperature at
data-sparse intraurban scales (21). Although stationary sensor net-
works are excellent for characterizing broad patterns and temporal
dynamics of the UHI (22-24), mobile sensors facilitate access to
areas otherwise difficult to sample and allow measurement along
continuous land-cover gradients. We used a custom bicycle-based
sensor (Fig. 1) to characterize intraurban heat in a midsize tem-
perate climate city, focusing on the interaction between extent of
tree canopy cover and impervious surface, but also testing for po-
tential effects of other variables, such as relative elevation and
proximity to lakes. Although others have used bicycles to study the
UHI (25-27), we extend this method in multiple ways: repeated
sampling of many transects on multiple days, considering continu-
ous variation in land cover rather than assigning discrete categories,
assessing effects of land cover at multiple spatial scales, and ac-
counting for the complex spatial-temporal nature of mobile data in
our statistical models. We asked, How does variability in tree can-
opy and impervious cover interact to influence both daytime and
nighttime summer air temperature? How do these effects vary with
the spatial scale at which land-cover data are analyzed? Do the
effects of land cover or scales at which they matter most for air
temperature change under conditions of particularly high heat?
We conducted our study in Madison, Wisconsin, a city of 255,000
people in the north central United States (28), with an urban ag-
glomeration population of 455,000 (29). Madison is representative
of many midsize cities in the Midwest and surrounding areas, and
has a distinct UHI (22). Throughout summer 2016, we sampled 10
urban transects (~7 km length) at least three times each during the
hottest portion of the day (e.g., ~16:00-18:00 local time), collecting
data at 1-s intervals, or approximately every 5 m, given bicycle

speed. We also sampled four transects at night (e.g., minimum 2 h
postsunset, ~22:00-24:00 local time; Fig. 14). To enable compari-
son of measurements collected at different times, we converted all
air temperature measurements to temperature anomalies relative
to fixed-reference sensors in the city center. We used generalized
additive models (30) to test the effect of percentage canopy and
impervious cover (Fig. 14, Inset) and distance to the nearest of
Madison’s three urban lakes on summer air temperature at four
scales: 10-, 30-, 60-, and 90-m radius surrounding each temperature
measurement. Ranging from the approximate size of a single
downtown property (10 m) to a city block (90 m), these scales are
finer than typically assessed in UHI studies and are representative
of the scales at which local (e.g., individual to neighborhood) actions
to mitigate high air temperatures can occur.

Results

Air temperature varied substantially within the city (Fig. 1C). Mean
within-ride daytime temperature range (i.e., difference between the
hottest and coolest areas of each transect) was 3.5 °C (SE, 0.13 °C;
range, 1.1-5.7 °C), whereas temperature varied by only 0.2 °C, on
average, for fixed reference sensors during the same measurement
periods. Variability was lower at night, with a mean within-ride
temperature difference of 2.1 °C (SE, 0.13 °C; range, 1.2-3.0 °C).
There was little variation in either daytime or nighttime air tem-
perature among the 10 transects (i.e., in different geographical areas
of the city), but substantial variation among individual rides on
different days (i.e., driven by meteorological conditions during the
sampling period; SI Appendix, Table S1).

Daytime Urban Heat. Air temperature decreased nonlinearly with
increasing tree canopy cover (Fig. 2 A-D), and effects were
larger when considered at broader compared with finer scales.
Increasing canopy cover from 0% to 100% within a 10-m radius
corresponded to a mean decrease of 0.7 °C in daytime air tem-
perature (Fig. 24) compared with a 1.3 °C decrease when con-
sidering a 30-m radius (Fig. 2B), and >1.5 °C for a 60- or 90-m
radius (Fig. 2 C and D). The relationship appeared increasingly
nonlinear at broader scales, particularly 60 and 90 m, with can-
opy cover >40% leading to substantially cooler temperatures

Daytime
Air Tem

Fig. 1. A mobile sensor was used to measure variability in air temperature in Madison, Wisconsin. (A) Ten transects were sampled on summer days. Pink and

yellow transects (marked “N") were also sampled at night. White dots represent stationary reference sensors. (Inset) Example of canopy and impervious cover.
(B) Instrumentation including a fast-response, high-accuracy temperature sensor was mounted on a rear bicycle rack to facilitate continuous sampling at fine
spatial scales and allow exchange among bicycles. (C) Raw temperature data (1 measurement/second) along a portion of one transect (same as A, Inset),
demonstrating fine-scale variation in air temperature with changing land cover. Photos show land cover at various locations (indicated with arrows).
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(Fig. 2 C and D; see SI Appendix for further explanation of
underlying relationships).

Air temperature increased linearly with increasing impervious
cover (Fig. 2). Effects were again larger when considering the
surrounding landscape context at broader scales; increasing im-
pervious cover from 0% to 100% within a 10-m radius corre-
sponded to a mean increase of 0.5 °C (Fig. 2E) compared with
0.7 °C, 1.0 °C, and 1.3 °C when considering a surrounding area of
radius of 30, 60, and 90 m, respectively (Fig. 2 F-H; see SI Ap-
pendix for further explanation of underlying relationships).

When jointly considering tree canopy and impervious surface
cover, canopy cover reduced daytime air temperature for all
amounts of impervious surface cover at all scales considered, and
notably, the relative benefit of increased canopy cover in the
surrounding landscape exceeded that of reducing impervious
surface cover (Fig. 3). The magnitude of cooling at any given
location depended on the relative amounts of canopy cover and
impervious surface in the surrounding landscape (Fig. 3). For
example, at the finest scale (10 m), air temperature at locations
with >50% impervious surface declined by 1-1.3 °C with >75%
canopy cover (Fig. 34). With less impervious surface, however,
the same 1 °C of cooling could be gained with only 60% canopy
cover. At the largest scale (90 m), >2.5 °C of cooling could be
achieved in low impervious areas with >75% canopy cover, but
such strong cooling effects were unachievable with high per-
centage cover of impervious surfaces (Fig. 3D).

Interactions between canopy cover and impervious surface also
became more nonlinear at larger scales (e.g., 60 and 90 m; Fig. 3 C
and D). For locations with >25% impervious surface (e.g., most
residential areas), air temperatures declined most rapidly when can-
opy cover surpassed 40%, even though absolute levels of cooling were
greatest when impervious surface cover was low. For example, in a
typical residential neighborhood with 30% impervious cover, in-
creasing canopy cover from 0% to 40% within a 90-m radius would
lead to a negligible change in temperature, whereas increasing canopy
cover from 40% to 80% would provide a full degree of cooling (Fig.
3D). In an area with less impervious cover (e.g., a grassy park), in-
creasing canopy cover within a surrounding 90-m radius from 0% to
40% would increase cooling by ~0.3 °C, whereas increasing canopy
from 40% to 80% would lead to an additional ~0.8 °C of cooling. Note
that although full canopy cover and full impervious cover often co-
occur at fine spatial scales (Fig. 34, black points in upper right;
e.g., a paved road with a closed canopy overhead), it is difficult for
high impervious and canopy cover to co-occur across larger spatial
scales (Fig. 3D, black points absent from upper right; e.g., larger
expanses of impervious cover rarely leave enough space for the
tree growth required to achieve high canopy cover).

The benefit of increased tree canopy cover on daytime heat mit-
igation was most pronounced on the hottest days (air temperatures
>30 °C). Interactions between canopy cover and impervious surfaces

Ziter et al.

0 0.25 0.50 0.75 1.0 (31). Edf represents effective degrees of freedom,

averaged over all 100 models.

across scales on a hot day were similar to those for the full dataset,
but mean cooling increased by 0.2-0.6 °C (cf. SI Appendix, Fig. S4
and Fig. 3). Thus, the benefit of growing the urban canopy may be
amplified on days with more extreme heat.

Other features in the urban landscape had little influence on
daytime urban air temperatures. The presence of lakes de-
creased adjacent temperatures by only ~0.25 °C on average, and
lake effects were largely restricted to shoreline locations. Influ-
ence declined quickly with increasing distance from the lake,
with no effect remaining at distances more than ~700 m from
shore (SI Appendix, Fig. S5). Effects of relative elevation were
unimportant for daytime air temperature in all models.

Nighttime Urban Heat. Air temperature within the city was con-
siderably less variable at night (SI Appendix, Fig. S6). The effect of
canopy cover was limited, with increasing canopy from 0% to
100% cover corresponding to a linear decrease of 0.3-0.5 °C
(magnitude increasing with scale; SI Appendix, Fig. S6 A-D). Ef-
fects of impervious cover were as or more important than canopy
cover for nighttime air temperature. Increasing impervious cover
within the surrounding landscape from 0% to 100% corresponded
to a linear increase of 0.3-0.7 °C (magnitude increasing with scale;
SI Appendix, Fig. S6 E-H). As a consequence, variation in tree
canopy and impervious surface cover led to mean nighttime
temperature differences of only 0.5 °C (10 m radius) to 1.1 °C
(90 m radius) across the urban landscape (30- and 60-m radius
intermediate at 0.7 and 0.9 °C, respectively; SI Appendix, Fig. S7).

Discussion

We quantified substantial variation in summer air temperature
within a temperate zone urban landscape, finding a strong influence
of land-cover patterns on air temperature at different scales, and
nonlinear interactions between tree canopy and impervious sur-
face cover. Our results suggest that the most effective strategies
for urban heat mitigation will involve modifications to both green
and gray infrastructure. For daytime air temperature, the warming
effect of impervious surfaces was effectively countered by the
cooling effect of trees, especially when canopy cover was >40%
within a radius of 60-90 m, or about the scale of a city block. Thus,
urban forestry has great potential to enhance daytime temperature
regulation services (13, 31), which is increasingly important in cities
worldwide as climate continues to warm. However, lower cover of
impervious surfaces remained critical for reducing summer air
temperatures at night, given the amount of heat stored and radiated
back during nighttime (4). Reduction of heat at night is particularly
important from a health perspective, as high overnight temperatures
contribute significantly to heat-related illness and mortality (32, 33),
as the body has no opportunity to recover from daytime heat exposure.

The increased cooling effect of tree canopy cover on the
hottest days, when human health (e.g., asthma sufferers) and

PNAS Latest Articles | 3 of 6

SUSTAINABILITY

ENVIRONMENTAL

SCIENCE

SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817561116/-/DCSupplemental
Default User
Highlight

Default User
Highlight


>

=

Temperature
Anomaly (°C)

I

o

o

Adj R 0.61-0.67
RMSE: 0.45-0.49°C

o

% Impervious Cover (10m radius)

0.50 10

0.0 0.25
% Canopy Cover (10m radius)

vy)

)
Iy
=}
=

Temperature
Anomaly (°C)

o
N
wn

Adj R% 0.66-0.71
0 RMSE: 0.43-0.47°C

% Impervious Cover (30m radius
o
e ¢ .
o
hY

0.0 025 050 0.75 .
% Canopy Cover (30m radius

=
o
@

Temperature
Anomaly (°C)

0

-0.5

-1.0

-1.5

-2.0

-2.5

. Y Model Fit
o 5 il AdjR20.66-0.71

0012 : ; el
00 025 050 075 1.0 MSE:042-0.46°C

% Canopy Cover (60m radius)'

% Impervious Cover (60m radius)
o h h

O

1.00{¢
Temperature
Anomaly (°C)

Adj R% 0.66-0.70
RMSE: 0.43-0.46°C

I

=]

2

©

£0.75 0
e 0.5
9} -1.0
50'5 s
] -2.0
202 2.5
‘é Model Fit
S

o

0.0 025 050 075 1.0
% Canopy Cover (90m radius)

Fig. 3. Difference in daytime urban air temperature achieved through al-
tering impervious and canopy cover within a radius of (4) 10 m, (B) 30 m, (C)
60 m, and (D) 90 m, from generalized additive model responses. Right-hand
images in each panel show the scale of measurement, using an example of a
medium-density neighborhood in Madison, Wisconsin. Models showed a
strong relationship between observed and fitted values, with measures of model
fit [adjusted R?, root mean square error (RMSE), labeled underneath scale bar]
consistent both among the 100 models at each scale and across scales.

energy impacts (e.g., air conditioning) are most consequential (5,
34-37), further underscores the importance of adaptation ef-
forts. Our results provide insight into the likely variability of
urban temperatures in a future in which such hot days will be
increasingly common, and future work should more explicitly test
for the interaction between meteorological conditions (including
additional variables such as wind and cloud cover) and temper-
ature regulation within cities.

The observed threshold in the effect of canopy cover on
daytime air temperature has important implications for urban
climate adaptation. This nonlinear relationship may also explain

40of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1817561116

discrepancies in the magnitude of vegetative cooling observed in
previous studies, particularly in areas with relatively low canopy
cover. A stronger understanding of the underlying mechanisms
of this nonlinearity is an important avenue for future research.
We anticipate that this relationship is driven at least in part by the
increase in leaf area index at higher levels of canopy, which in-
creases shadows and shading. Further explanations for the non-
linearity may include an interaction between canopy cover and the
nature of the surface below the canopy. Canopy cover >40% may
be more likely to be shading higher amounts of impervious sur-
face, inducing a larger cooling effect. Contrastingly, it may be that
areas of high canopy cover tend to be associated with larger green
spaces, and it is this combination of ground-level vegetation plus
canopy that leads to increased cooling. Further research is war-
ranted to test these hypotheses explicitly.

Although the literature on urban heat focuses predominantly
on urban-rural differences, our results clearly demonstrated that
the magnitude of variation in air temperature within cities can be
as large as that associated with the UHI. The variation we de-
tected in daytime air temperature within the city of Madison was
comparable in magnitude to the temperature difference between
the city’s urban core and the surrounding rural landscape (22).
That temperature variation within the city was greatest during
high-heat events is also consistent with the overall UHI, which is
stronger during heat waves (38). However, in contrast to the
strong nighttime urban-rural differences in Madison (22) and
elsewhere (4), nighttime temperature differences within the city
were diminished (6). Canopy provides cooling through both
shading (blocking incoming thermal radiation and preventing
impervious surfaces from absorbing and reradiating it) and
evapotranspiration. The reduced effect of canopy at night is
likely in part because of the lack of evapotranspirative cooling
once photosynthesis shuts down. This effect may also be explained
in part by the aggregate effects of heat stored in impervious sur-
faces across the urban landscape, with nighttime radiation po-
tentially trapped within the city by built infrastructure (especially
narrow “urban canyons”), and even urban tree canopy. These
differences in daytime and nighttime results highlight the impor-
tance of an improved understanding of fine-scale drivers of urban
heat, and also suggest that high daytime temperatures may be
more easily managed via land-cover modifications (e.g., increased
tree cover) than nighttime temperatures. Thus, although our re-
sults provide guidance regarding priorities for tree planting to
reduce daytime temperatures, we advocate for reducing impervi-
ous surfaces as a component of any urban climate adaptation plan.

The mitigation potential of land-cover patterns within cities
gives urban stakeholders at various levels of governance (e.g.,
residents, property managers, urban planners) agency over re-
ducing daytime summer temperatures. Where to allocate limited
tree planting resources will depend on many factors in addition
to temperature regulation. However, results of this study can be
used to identify areas in which planting new trees may most ef-
fectively mitigate urban heat.

Where Should Trees Be Planted to Cool the City Most Effectively?
Canopy cover in excess of ~40% had a larger effect on tem-
perature reduction. Furthermore, temperature differences were
strongest, and increasing canopy had the greatest effect, at scales
of ~60-90 m (comparable in Madison to the area of a typical city
block). Thus, neighborhoods with intermediate amounts of im-
pervious surface and >40% canopy cover could offer the greatest
marginal increase in climate mitigation for urban residents. High
canopy neighborhoods where significant future canopy loss is
anticipated, for example because of invasive insects such as
emerald ash borer (Agrilus planipennis, ref. 39) or an aging tree
population, would also be priority areas. At this neighborhood
scale, significant increases in (or maintenance of) canopy will
require multistakeholder collaboration; a persistent challenge of
urban ecology (40). For example, trees planted along streets, on
private property, and in public parks may have to be strategically

Ziter et al.
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located to increase canopy cover above a threshold to induce a
meaningful reduction in summer temperatures.

Although prioritizing areas >40% canopy may increase cool-
ing the most, it is important to ensure that planting efforts do not
occur exclusively in areas in which tree cover is already high.
Climate adaptation efforts must also consider the social and
environmental (in)justice issues embedded within many cities. A
history of class and racial inequality and oppression has led to
considerable inequalities in access to green space and environ-
mental amenities in contemporary cities (41, 42). Tree cover is
often highest in wealthy, predominantly white areas (43), whereas
densely built-up areas, and those with the lowest vegetation cover,
are often home to populations for which access to resources to
combat increased heat (e.g., air conditioning) is lacking (44, 45).
Societal vulnerability to extreme heat must be considered along-
side landscape context in any planning initiative.

When Does Local Planting Matter? The cooling effect of canopy is
weaker at fine scales than broader, as a very small area of canopy
cannot be isolated from the surrounding meteorological condi-
tions (further explanation in SI Appendix). Analogously, the
ocean exerts a stronger influence on the weather at the center of
a 10-km-wide island compared with an island 100 km wide.
Nevertheless, increasing tree canopy cover within only a 10-30-m
radius [an area comparable in Madison to a single downtown lot
(10 m) or two to three suburban properties (30 m)] still yielded
measurable cooling. Thus, there is a role for planting trees in
targeted locations where people will benefit directly; for exam-
ple, adjacent to a house or yard, or along a well-used walking
path. However, these planting decisions should recognize that
benefits may be small if the surrounding area is low canopy.

The strong and nonlinear effect of tree canopy also suggests
balance is needed in urban planning and design between the
compact urbanization suggested for maintaining many ecosystem
services and a somewhat less dense urbanization in which built and
natural spaces are interspersed (46). More compact urban building
footprints likely limit the ability of a tree canopy to flourish, given
limited space and access to soils in the densest urban areas
(explaining the lack of empirical data in the “high-canopy, high
impervious” category at larger scales), requiring innovative plan-
ning and design solutions. Although it is important to be cognizant
of the negative ecological effects of urban sprawl (46, 47), com-
batting urban heat where people live also requires incorporation
of enough green space within our cities to achieve effective levels
of canopy cover, which may be particularly difficult in higher-
density neighborhoods or areas subject to in-filling.

Because of the long-lived nature of trees and persistence of
pavement, current decisions (from homeowner preferences to
urban planning choices and urban forest policy) are setting up
the urban heat riskscape of the future (19). Thoughtful choices
today are needed to ensure the resilience of our future cities, and
will rely at least in part on city programs, homeowner education,
or other incentives. Further studies of urban air temperature at
fine-scales within cities are also needed to confirm the generality
of our findings, and further clarify underlying mechanisms. Our
methods provide guidance for affordable, low-impact measure-
ment of the intraurban heat island, and could be replicated to
test mitigation strategies in cities that vary in urban form, pop-
ulation, or geographic region. Methods may also be amenable to
citizen science sampling programs, offering a mechanism to
further engage urban populations in the development of climate
adaptation measures that will be critical as our cities warm.

Methods

Study Area. Madison, Wisconsin, is a midsize city centered on two lakes in the
north-central United States (43.0731° N, 89.4012° W). The climate is humid-
continental, with warm humid summers and cold winters [1981-2010 mean
temperature, 22 °C July, —7 °C January; annual precipitation, 87.6 cm (48)].
Characterized predominantly by low-density housing, Madison also contains
mid- and high-density development, as well as green spaces including forest,
wetland, and prairie (49). The surrounding landscape is largely agricultural,
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but includes remnant native vegetation (forests and grasslands), wetlands,
and several lakes (50).

Mobile Measurements. We built two bicycle-mounted temperature sensors
(Fig. 1B) equipped with instrumentation to quantify human thermal expo-
sure. A fast-response, high-accuracy temperature probe (Campbell Scientific
109SS) equipped with solar shield was mounted at 1.5 m high, with a re-
sponse time of <7.5 s in 3 m/s wind and an accuracy of +0.1 °C. This sensor
and a GPS device (Campbell Scientific GPS16X-HVX) were integrated directly
with a data logger (Campbell Scientific CR-850) and sealed lead acid re-
chargeable battery, enabling simultaneous recording of temperature and
location while riding.

Ten urban transects were selected to cover the city geographically (Fig. 1A)
and span a wide range of variability in canopy and impervious cover. Mean
transect length was 7 km (mean cycling time, 28 min) to avoid large changes
in background temperature during measurement periods. During summer
2016 (May 30-September 6), each transect was sampled at least three (but
up to 12) times during the hottest portion of the day (always between 1:30
and 7 PM, but usually between 4 and 6 PM), for 64 total daytime rides. Four
transects (Fig. 1A) were also sampled at night (minimum 2 h after sunset, ~10
PM-12 AM), for 12 total rides at night. Maximum daily temperature averaged
29 °C on sampling days (range, 22-34 °C). Other meteorological conditions
varied across sampling periods (mean wind speed, 12.5 km-h~, ranging from
calm to 35 km:h~"; mean relative humidity, 58%, ranging from 35% to 94%;
cloud cover, ranging from clear to overcast, with a mix of sun and cloud most
common), with night conditions typically more humid and less windy.

Data were collected at 1-s intervals, corresponding to air temperature
observations approximately every 5 m. Repeated measurements at any
particular location (e.g., while at a stoplight) were removed to avoid potential
measurement errors; for example, because of exhaust or engine heat from
surrounding cars. To facilitate comparison of measurements collected at dif-
ferent times, measurements were converted to temperature anomalies, using
the mean temperature at a given time of five stationary sensors in the city
center, where temperatures are typically warmest, as a reference data set (Fig.
1A; see SI Appendix for more detail). Thus, a temperature anomaly of —1 °C
corresponds to temperature at the measurement location 1 °C lower than the
average temperature of the reference sensors at the same time.

Landscape Structure. We calculated percentage canopy and impervious cover
(Fig. 1A, Inset) within a series of buffers (of 10-, 30-, 60-, and 90-m radius)
surrounding each temperature measurement. Canopy cover was calculated from
a 1-m-resolution urban land-cover raster derived from National Agriculture Im-
agery Program data. Impervious cover was calculated from a custom layer
composed of (LiDAR-derived) building footprints and City of Madison open data
for stormwater impervious areas, roads, and bicycle paths (https:/data-
cityofmadison.opendata.arcgis.com). This layer was hand-corrected by referenc-
ing high-resolution satellite imagery and rasterized at 1-m resolution. For each
measurement, we also calculated distance to water and relative elevation (rel-
ative to mean elevation of the corresponding transect; from National Elevation
Dataset 10 m digital elevation model). Analysis was performed using QGIS.

Data Analysis. To evaluate the effects of canopy and impervious cover on
summer air temperatures at each scale of interest, we used generalized additive
models (GAMs, using the “bam” function in R package “mgcv” version 1.8.17;
30). GAMs are a flexible, nonparametric technique that use penalized re-
gression splines to fit smooth relationships between response and explanatory
variables. We assumed temperature was normally (Gaussian) distributed.
Percentage impervious cover, canopy cover, and their interaction were
included as smooth terms, as was distance from water. Smooths for single
variables were fit using thin plate splines with a null space penalty (30). The
interaction term was fit using a tensor product interaction (ti) term. We
restricted the maximum degrees of freedom below mgcv defaults (allowing
three basis functions per smooth term and nine for the interaction) to ac-
count for the fact that GAMs can overestimate nonlinearity of functional
relationships in the presence of strong spatial autocorrelation (30). Spatial
coordinates were also included as a smooth term to account for unspecified
spatial structure beyond that explained by land-cover variables. This term was
fit using a Gaussian process spline with the default Matern covariance function
(51), using 29 basis functions to allow considerable flexibility in the shape of
this relationship. Elevation was not a significant driver of temperature in our
low topographic-relief system, and was excluded from final models. For all
models, rides were nested within transect as a random effect (intercept) to ac-
count for differences in underlying weather conditions during different sam-
pling periods. Models were fit using fast restricted maximum likelihood (52).
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Because of measurement frequency, considerable temporal autocorrela-
tion was present in model residuals when the GAM model was fit using the
entire data set. To account for the fact that positive spatial or temporal
autocorrelation reduces effective sample size (53), data were partitioned into
100 subsets of 1% of the data, each composed of measurements equally
spaced in time (e.g., model one included measurements 1, 101, 201...; model
two included measurements 2, 102, 202...). We averaged the predictions
from each model to determine the response of temperature to explanatory
variables (Fig. 2). Including only every 100th point in each model consider-
ably reduced residual autocorrelation (based on assessment of pacf plots),
whereas averaging responses across 100 models ensured full use of available
information, and incorporated intermodel variation in our estimate of un-
certainty in the shape of functional responses.

We repeated this approach for the hottest days (where mean temperature
for 4 h before sampling exceeded 30 °C) to determine whether UHI effects
were exacerbated under high heat conditions. We also repeated our approach
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with nighttime measurements (excluding distance from water, as the effect
was not significant at night).

Data and Code Availability. All data and code are available through the En-
vironmental Data Initiative (54).
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