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ffect of street trees on microclimate and air pollution in a tropical city

ionel Sujay Vailshery, Madhumitha Jaganmohan, Harini Nagendra ∗

shoka Trust for Research in Ecology and the Environment (ATREE), Royal Enclave, Srirampura, Jakkur P.O., Bangalore 560064, India

r t i c l e i n f o

eywords:
limate change
ustainability
ree plantation
rban forests
rban heat islands

a b s t r a c t

One of the fastest growing cities in India, Bangalore is facing challenges of urban microclimate change
and increasing levels of air pollution. This paper assesses the impact of street trees in mitigating these
issues. At twenty locations in the city, we compare segments of roads with and without trees, assessing
the relationship of environmental differences with the presence or absence of street tree cover. Street
segments with trees had on average lower temperature, humidity and pollution, with afternoon ambient
air temperatures lower by as much as 5.6 ◦C, road surface temperatures lower by as much as 27.5 ◦C,
and SO2 levels reduced by as much as 65%. Suspended Particulate Matter (SPM) levels were very high

on exposed roads, with 50% of the roads showing levels approaching twice the permissible limits, while
80% of the street segments with trees had SPM levels within prescribed limits. In an era of exacerbated
urbanization and climate change, tropical cities such as Bangalore will have to face some of the worst
impacts including air pollution and microclimatic alterations. The information generated in this study can
help appropriately assess the environmental benefits provided by urban trees, providing useful inputs
for urban planners.
ntroduction

In the century of urbanization, as urban population densities
ontinue to increase, living conditions continue to deteriorate.
his impact may be especially severe in the tropics, where most
eveloping countries are located, and where as much as 90% of
he urbanization of the coming decades is predicted to take place
Emmanuel, 2005). Tropical cities will experience especially severe
onsequences of urbanization, with accelerated urban heat island
ffects, changes in microclimate and thermal discomfort, because
f their location in hot areas (Burkart et al., 2011). This is exacer-
ated by the rapid growth in many tropical cities, with large scale
onversions of open areas and green spaces to concreted and built
and cover (Emmanuel, 2005; Kant et al., 2009; Nagendra and Gopal,
010). The consequences can be wide ranging, including increased
robability of heat strokes and health disorders, and the altered
istribution of precipitation events (Dixon and Mote, 2003; Vinoj
t al., 2004; Chang et al., 2007).

Urban tropical locations also face challenges of air pollution
Ghose et al., 2005; Kuvarega and Taru, 2008). As levels of indus-

rialization increase in these cities, coupled with high densities
f vehicular movement, the exposure of urban dwellers to air
ollutants is anticipated to rise exponentially (Parrish and Zhu,
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2009). Many South Asian cities currently deal with problems of
atmospheric pollution due to vehicular traffic, with unacceptably
high levels of Suspended Particulate Matter (SPM), NO2, SO2,
and other air pollutants (Khan and Abbasi, 2000; Emmanuel,
2005; Ghauri et al., 2007). These air pollutants can cause severe
respiratory and health problems for urban residents (Pope et al.,
2000), particularly impacting vulnerable sections of society such
as children (Kuvarega and Taru, 2008).

Mechanisms for mitigating these challenges of urban microcli-
matic variations and air pollution, although much in need, have
not been well developed in most tropical developing countries
(Escobedo et al., 2011). While much of the discussion has remained
focused on the need for phasing out old technologies and promoting
public transport, the potential role of urban vegetation in such miti-
gation has been largely ignored by planners. Most research has been
conducted in developed countries as well, although issues of micro-
climate maintenance and air pollution control are just as important,
if not even more so, in rapidly expanding developing country cities
(Escobedo et al., 2011).

Trees in cities can reduce air pollution levels significantly, by the
removal of pollutant gases such as SO2, NOx, CO and O3 through
leaf stomata, and through the dry deposition of suspended particu-
late matter on leaf surfaces (Smith, 1984). Urban vegetation can
also contribute to the reduction of the urban heat island effect,

and trees have a clear role to play in microclimate ameliora-
tion (Chang et al., 2007). Trees in cities can further contribute to
reduction of air pollution by reducing the need for air condition-
ing, leading to concomitant decreases in fossil-fuel generated air

dx.doi.org/10.1016/j.ufug.2013.03.002
http://www.sciencedirect.com/science/journal/16188667
http://www.elsevier.com/locate/ufug
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ollution (Chang et al., 2007; Escobedo et al., 2008; Jim and Chen,
009).

This study explores the impact of street trees on reducing day-
ime temperatures and mitigating air pollution levels in the south
ndian city of Bangalore. Internationally known for its technologi-
ally intensive industries, Bangalore is the second fastest growing
ity in India, with a population over 9.5 million. Given the defi-
iency of information on the environmental benefits of trees in
ropical developing cities such as Bangalore, such exploratory stud-
es are important to provide insights into potential benefits, which
an then provide the basis for in depth, long term research and
onitoring.

tudy area

Bangalore is located at 12◦59′ N and 77◦57′ E, at an altitude of
20 m above mean sea level. The mean annual rainfall is about
80 m, with winter temperature ranging from 12◦ to 25 ◦C, and
ummer temperature from 18◦ to 38 ◦C (Sudhira, 2008). Once
nown as the garden city and the lake city of India, the city’s open
paces which included a large number of parks, wetlands and water
odies, have been encroached upon and converted to a variety of
rban land uses (Nagendra, 2010). Bangalore has also witnessed
idespread clearing of trees and green spaces for road expansion

nd infrastructure activities in recent years (Nagendra and Gopal,
010, 2011). Most of these projects are aimed at accommodating
n increasing number of vehicles, while the city already contains
he highest vehicle to person ratio of any Indian mega city (Sudhira,
008).

The number of vehicles has multipled many fold in recent
ecades, with 2.5 million vehicles registered in 2007, of which
rivate 2-wheel vehicles and cars account for the majority. Public
ransport is limited, with public and private buses together account
or less than 1% of the city’s total vehicle population (Sabapathy,
008). Pedestrian traffic constitutes about 26% of all trips (Sudhira,
008). The city’s transport was once dominated by non-motorized
ehicles (bicycles) – as recently as 1965, cycles constituted 70% of
he traffic, but subsequently steeply declined to 5% in 1998. This
s mirrored by a decline in the proportion of people traveling by
ublic transport, while the use of private cars and two wheelers
as increased substantially (Jalihal et al., 2005). Traffic generally
onsists of a mix of two wheelers fueled by petrol, three-wheelers
ueled by petrol and liquified petroleum gas, cars fueled by petrol
nd diesel, and diesel buses (Sabapathy et al., 2012).

Traffic is heavy, and the average speed per hour on many arte-
ial roads is quite slow (Sabapathy, 2008). Thus, transport is a
ajor source air pollution in Bangalore, which has a total estimated

ollution load of 54.4 tons/day of Suspended Particulate Matter
elow 10 �m (PM10), 217.4 tons/day for NOx and 14.6 tons/day of
O2. The major sources of PM10 include automobiles and trans-
ort (42%), road dust resuspension (20%), construction (14%) and

ndustry (14%) (TERI, 2010). Corroborating this, a recent study
Sabapathy et al., 2012) concludes that PM10 is much lower on
verage (150 �g/m3) away from heavy traffic roads (375 �g/m3). In
ontrast the main sources of SO2 emission are from industry (56%),
iesel generator sets (23%) and transport (16%) (TERI, 2010).

ethods

Ten major roads that carry high densities of traffic, located in dif-
erent parts of the city, were selected for study, a relatively small

ample size that enables an exploratory analysis of the potential
nvironmental benefits provided by street trees in this tropical
ity. All roads were paved. We focused on large roads that had
t least 2 lanes, and which carried substantial volumes of traffic
ban Greening 12 (2013) 408–415 409

(based on our own personal knowledge of the city). Within the
subset of roads identified, we looked for roads where we could
locate adjacent segments such that at least one segment had tree
cover for about 150 m, while another segment had no tree cover,
affording an opportunity for comparison. We were able to locate
such roads and segments in ten different locations, as described
further in Table 1. Variation in ambient air temperature, road sur-
face temperature, humidity and air pollution were recorded for
paired segments of a road on the same day, during the same time,
by two teams using synchronized clocks. Sampling was conducted
between 18th May and 3rd June 2010, ensuring that all roads were
sampled within a relatively short interval of time of 17 days, to
ensure minimal variation in seasonal weather conditions. Samp-
ling was conducted only on working days, avoiding weekends and
public holidays. Cloudy days and days with events of precipitation
were also avoided to ensure that sampling was conducted during
sunny summer days. Comparison of traffic intensities was con-
ducted on the same date during which temperature, humidity and
air pollution measurements were taken, to test whether traffic con-
ditions were comparable across the paired locations. Subsequent
site visits were conducted between 10 and 15 January 2012 to
record information on the number of trees, species and tree height,
and the percentage of exposed soil and ground vegetation cover
surrounding the monitor. Tree canopy cover was determined at
50 m linear intervals along the 150 m road segment by estimating
the percentage of visible sky. Table 1 provides further details on the
site location, vegetation around the monitors, and the location of
monitors with respect to the road (in addition to the information
provided in this Table, percentage of impervious cover can be calcu-
lated by subtracting the sum of the percentage of exposed soil and
ground vegetation from 100%). Although the information on vege-
tation cover was recorded at a different dates from the rest of the
study, we examined photographs taken at the time of sampling to
confirm that there were no differences in the trees and soil/ground
vegetation in the area around the monitor between the time of
temperature, humidity and air pollution data collection, and the
subsequent visit.

Sampling began at 8.30 a.m. each day, and concluded at 3.30 p.m.
At the beginning of the study, and subsequent half-hour intervals,
ambient air temperature and humidity were recorded using digi-
tal meters (Model AZ 7755, manufactured by AZ Instrument Corp,
Taiwan; procured from and pre-calibrated by HTA Instrumentation
Private Limited, Bangalore) at the edge of the road, at the center
of the 150 m sections with and without overhead road trees. The
temperature probe was shielded from overhead solar radiation by
using a covered cylindrical cardboard tube with large perforated
side openings to permit air circulation. Road surface temperatures
were also recorded at the same time and at the same locations using
an Equinox infrared surface thermometers (Model EQ-DT 8530,
manufactured by Sansel Instruments and Controls; Chennai India;
procured from and pre-calibrated by HTA Instrumentation Private
Limited, Bangalore). In order to ensure that traffic densities were
comparable across road segments with and without trees, manual
counts of traffic crossing a single point location (where the high
volume air sampler was located) were made for 10 min intervals
every hour.

Monitech high volume air samplers were placed at the center
of each segment of road. For assessment of suspended particulate
matter, air was passed through a pre-weighed glass microfiber filter
paper (Whatman GF/A; HH) with a size of 20.3 cm by 25.4 cm, and a
pore size of about 3 �m, at a flow rate of 1–3 m3/min of air such that
SPM was deposited on the filter paper. After a period of about 8 h,

the filter paper was removed and dried in a hot air oven at 105 ◦C for
1 h, and then cooled and weighed again. The difference in weight of
the filter paper before and after sampling was used to calculate the
weight of the SPM. The volume of ambient air sampled was derived
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Table 1
Comparison of site, tree and ground characteristics for road segments with trees (T) and without trees (W) in the study area in Bangalore.

Road No. of
lanes

Monitor
elevation from
road surface
(feet)

Monitor
distance from
road edge (feet)

No. of trees
(10 m around
monitor)

Canopy cover
in 150 m
segment

No. of individuals of different tree
species in each 150 m segment
with Girth at Breast Height (GBH)

Distance of
monitor from
tree trunk (m)

Distance of
monitor from
tree canopy
(m)

% Exposed soil
(20 m around
monitor)

% Ground
vegetation
(20 m around
monitor)

Bellary – T 2 1 4 2 40–70% 4 Spathodea campanulata, GBH
1.9 m, 1.9 m, 1.8 m, 1.6 m
3 Swietenia macrophylla, GBH
1.2 m, 1.4 m, 1 m
3 Swietenia macrophylla, GBH
0.7 m, 0.6 m, 0.5 m
2 Peltophorum pterocarpum, GBH
0.6 m, 0.6 m
1 Bombax ceiba, GBH 1.8 m
1 Broussonetia papyrifera, GBH
0.4 m

4 7 2 0

Bellary – W 2 1 4 0 – – – – 0 0
Banashankari – T 2 1 4 1 70–90% 8 Samanea saman, GBH 2.7 m,

2.6 m, 2.2 m, 2.2 m, 2.1 m, 2.1 m,
2.1 m, 1.9 m

4 10 2 0

Banashankari – W 2 1 4 0 – – – – 0 0
Magadi – T 2 1 4 1 70–90% 4 Samanea saman, GBH 2.2 m,

2.1 m, 1.8 m, 1.7 m
2 Peltophorum pterocarpum, GBH
1.8 m, 1.7 m

4 8 2 0

Magadi – W 2 2 4 0 – – – – 0 0
Siddapura – T 2 1 2.5 2 70–90% 5 Samanea saman, GBH 2.3 m,

2.3 m, 2.1 m, 1.8 m, 1.7 m
2 Swietenia macrophylla, GBH
1.1 m, 1.0 m
1 Peltophorum pterocarpum, GBH
1.4 m

4 10 2 0

Siddapura – W 2 1 2.5 0 – – – – 0 0
Bannerghatta – T 2 1 5 4 30–40% 19 Tabebuia rosea; GBH 0.7 m,

0.7 m, 0.7 m, 0.7 m, 0.6 m, 0.6 m,
0.6 m, 0.6 m, 0.6 m, 0.6 m, 0.6 m,
0.6 m, 0.6 m, 0.5 m, 0.42 m, 0.4 m,
0.4 m, 0.3 m, 0.25 m

4 3 10 10

Bannerghatta – W 2 1 5 0 – – – – 0 0
Jeevanbhima Nagar

– T
2 1 5 1 70–90% 5 Spathodea campanulata, GBH

2.5 m, 2.2 m, 1,8 m, 1.6 m, 1.4 m
4 Samanea saman, GBH 3.2 m,
3.1 m, 3.0 m, 2.4 m
1 Delonix regia, GBH 2.0 m

4 12 2 0

Jeevanbhima N
Nagar – W

2 1 5 0 – – – – 0 0

Hennur – T 4 1 2 5 30–40% 24 Swietenia macrophylla, GBH
1.1 m, 1.0 m, 1.0 m, 1.0 m, 1.0 m,
1.0 m, 0.9 m, 0.9 m, 0.9 m, 0.9 m,
0.8 m, 0.8 m, 0.8 m, 0.8 m, 0.8 m,
0.8 m, 0.8 m, 0.8 m, 0.8 m, 0.7 m,
0.7 m, 0.7 m, 0.6 m, 0.5 m
2 Jacaranda mimosifolia, GBH 0.5 m,
0.4 m
1 Albizia lebbek, GBH 1.0 m

4 6 10 10



L.S.V
ailshery

et
al./U

rban
Forestry

&
U

rban
G

reening
12

(2013)
408–415

411

Table 1 (Continued)

Road No. of
lanes

Monitor
elevation from
road surface
(feet)

Monitor
distance from
road edge (feet)

No. of trees
(10 m around
monitor)

Canopy cover
in 150 m
segment

No. of individuals of different tree
species in each 150 m segment
with Girth at Breast Height (GBH)

Distance of
monitor from
tree trunk (m)

Distance of
monitor from
tree canopy
(m)

% Exposed soil
(20 m around
monitor)

% Ground
vegetation
(20 m around
monitor)

Hennur – W 4 1 2 0 – – – – 10 0
Sarjapur – T 4 1 2 3 70–90% 8 Samanea saman, GBH 1.3 m,

1.2 m, 1.2 m, 1.1 m, 1.1 m, 1.1 m,
1.0 m, 0.7 m
2 Peltophorum pterocarpum, GBH
1.1 m, 0.8 m
1 Spathodea campanulata, GBH
1.6 m

4 12 10 0

Sarjapur – W 4 1 2 0 – – – – 0 0
Assaye – T 2 1 2 2 70–90% 4 Parkia biglandulosa, GBH 2 m,

2 m, 2 m, 1.8 m
2 Jacaranda mimosifolia, GBH 2.3 m,
2.0 m
1 Samanea saman, GBH 2.2 m
1 Tabebuia rosea, GBH 1.3 m
1 Thespesia populnea, GBH 0.9 m

4 8 0 0

Assaye – W 2 1 2 0 – – – – 0 0
Kundanahalli ITPL

– T
2 1 2 2 70–90% 6 Tabebuia rosea, GBH 1.4 m, 1.2 m,

1.2 m, 1.2 m, 1.1 m, 1.0 m
5 Samanea saman, GBH 1.3 m,
1.2 m, 1.2 m, 1.1 m, 1.1 m, 1.0 m
2 Swietenia macrophylla, GBH
1.1 m, 1.0 m
1 Michelia champaca, GBH 0.4 m
1 Polyalthia longifolia, GBH 0.3 m

4 8 0 0

Kundalahalli ITPL –
W

2 1 2 0 – – – – 0 0

Average values – T 2.4 1.0 3.3 2.3 70% – 4 8.4 3.8 2
Average values – W 2.4 1.1 3.3 – – – – – 1 0
Standard error – T 0.8 0.0 1.3 1.3 20% – 0 2.8 4.4 4.2
Standard deviation

– W
0.8 0.3 1.3 – – – – – 3.2 –
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y multiplying the flow rate of the high volume air sampler with
he duration of sampling. These two measurements were used to
erive an estimate of the concentration of SPM in the ambient air,

n particulates per meter3 (PPM).
For assessment of the levels of SO2 in the ambient air, air was

ctively pumped through an impinger containing an absorbing
olution of sodium tetrachloromercurate in the high volume air
ampler, for about 8 h, following which impinge samples were
ransferred to a refrigerator, and concentrations of SO2 analyzed
sing the West and Gaeke method (Wilson, undated; Ghose et al.,
005).

Analyses of differences in traffic densities, SPM and SO2 lev-
ls were conducted to assess the statistical significance of samples
rom road segments with and without trees. Analysis of differences
n ambient air temperature, road surface temperature and humid-
ty were conducted separately for each half-hour interval to assess
he statistical significance of samples from road segments with
nd without trees. All statistical tests were conducted using the
cademic software STATISTICA (version 10).

esults

Distribution fitting tests for traffic densities, ambient air tem-
erature, road surface temperature, humidity, SPM and SO2

ndicated that all distributions were significantly different from
ormal (p < 0.05). Consequently, all analyses of differences in traffic
ensities, SPM, SO2 levels and ambient air and road surface tem-
eratures were conducted using a non-parametric Mann–Whitney
test. No significant difference could be observed in vehicular

raffic levels in road segments with and without trees (p = 0.95,
able 2). Non-parametric Spearman’s rank correlation was con-
ucted between the distance of monitor from road edge, bare
oil and ground vegetation percentage to assess potential inter-
ctions with tree effects. No significant correlations were observed
etween the percentage of bare soil or ground vegetation around
he monitor and other measured environmental variables of ambi-
nt air temperature, road surface temperature, humidity, SO2 and
PM, apart from a single case of significant correlation between
ercentage of bare soil and ambient air temperatures recorded
t 3 p.m. There was however a significant correlation observed
etween the SO2 values and the distance of the monitor from road
dge (p < 0.05). Distance of the monitor from road edge was also sig-
ificantly correlated with ambient air temperature measurements

n a couple of instances, for measurements taken at 1.30 p.m. and
.00 p.m. (p < 0.05), but not shown to be correlated further with
easurements of ambient air temperature, road surface tempera-

ure or humidity.
The ambient air temperature in road segments with trees ranged

rom 23.1 ◦C to 34.2 ◦C, while road segments without trees had
emperature ranges of 23.4–38.3 ◦C, with maximum temperature
bserved on an open road segment in the Hennur Ring Road, a
ide, open road with high densities of traffic at the periphery of

he city, at 2.30 p.m. These temperature differences were signifi-
ant for all times of day (Mann–Whitney U test, p < 0.05), with the
xception of 9 a.m., when temperature differences were borderline
on-significant (p = 0.052). In all instances, ambient air temperature
easured on tree-lined road segments was less than that mea-

ured at the same time on exposed segments from the same road.
ig. 1 describes the median and interquartile distance in ambient
ir temperatures for road segments with and without roads.

Differences in road surface temperature for road segments with

nd without trees were even more marked, with significant dif-
erences for all times of day (Mann–Whitney U test, p < 0.01) as
an be seen from Fig. 2 which depicts the median and interquartile
istance in ambient air temperatures for road segments with and Ta
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0.81 ◦C in summer temperatures between parks and their sur-
ig. 1. Median and interquartile difference in ambient air temperature at different
imes of day, for road segments with and without trees in Bangalore.

ithout roads. Road surface temperature for segments with trees
anged from 23 ◦C to 56 ◦C, and from 27 ◦C to 62 ◦C for segments
ithout tree cover. In all instances, temperature on tree-lined road

egments was less than that on exposed segments from the same
oad, with the maximum road surface temperature of 62 ◦C again
bserved at an open segment of Hennur Ring Road, at 2 p.m.

No significant differences were however observed in air humid-
ty levels recorded for road segments with and without trees
Mann–Whitney U test, p < 0.05). The overlap in humidity values
or segments of road with and without trees can also be observed
rom Fig. 3, depicting the median and interquartile distance in air
umidity levels for road segments with and without trees. Over-
ll, humidity levels were maximum in the morning at 8.30 a.m.,
ut decreased during the day, with the lowest levels of humidity
ncountered at around 3.30 p.m.

SO2 levels at all sites were within the Indian National Ambi-
nt Air Quality Standards for industrial, residential and rural areas.
he permissible limits are 80 �g/m3, while the maximum level
bserved in this study was 43.5 �g/m3. Significant differences in
O2 levels were observed between road segments with and with-
ut trees (Mann–Whitney U test, p < 0.001, Fig. 4). In eight of the

en open segments of road, SPM levels exceeded permissible levels
f 200 �g/m3 specified by the National Ambient Air Quality Stan-
ards, climbing to almost double the allowed limits in 50% of the
oads, although eight out of ten road segments with trees showed

ig. 2. Median and interquartile difference in road surface temperature at different
imes of day, for road segments with and without trees in Bangalore.
Fig. 3. Median and interquartile difference in air humidity at different times of day,
for road segments with and without trees in Bangalore.

levels of SPM within safety limits (Fig. 5). This difference was also
significant based on a Mann–Whitney U test (p < 0.001).

Discussion

In Bangalore, our results indicate that street trees can have a sig-
nificant impact on microclimatic buffering. Importantly, the large
increases in road surface temperature observed in the absence of
trees indicates a substantial increase in discomfort levels, as hot
roads radiate this heat upwards, making it even more challenging
for pedestrians and bicyclists. In a city where private vehicu-
lar transport is already much greater than in other Indian cities
(Sudhira, 2008), increases in mid-day temperature can further
encourage the use of vehicular air conditioning, and disincentivize
the use of public transport and energy-saving methods of transport
such as walking and bicycling.

Studies in other parts of the world also corroborate these find-
ings. In Taipei, Chang et al. (2007) found mid-day differences of
roundings, based on direct measurements. In Beijing, a study by
Weng (2001), utilizing the thermal infrared band of Landsat TM
to measure surface temperatures, found urban land cover to have

Fig. 4. Box and whisker plot illustrating the mean (diamond), second and third quar-
tile (gray box) and minimum and maximum values (bottom and top whiskers) of
SO2 levels (�g/m3) for road segments with and without trees in Bangalore.
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wind speed are potentially confounding factors that may influence
ig. 5. Box and whisker plot illustrating the mean (diamond), second and third quar-
ile (gray box) and minimum and maximum values (bottom and top whiskers) of
PM levels (�g/m3) for road segments with and without trees in Bangalore.

n average surface temperature of 63.15 ◦C in December 1989
winter), as opposed to 35.68 ◦C for adjacent forest, while urban
over surface temperature in August 1997 (summer) were higher,
5.99 ◦C – but much cooler in adjacent forests, which displayed
n average temperature of 39.76 ◦C. Chen et al. (2006) found aver-
ge temperature differences of 0.45–3.33 ◦C between urban and
egetated surfaces in the Pearl River Delta in Guangdon Province,
outhern China based on surface temperature estimations derived
rom Landsat data. In the Tabriz metropolitan area of Iran, Amiri
t al. (2009) found areas with urban cover to have an average sur-
ace temperature of 38 ◦C, while green spaces had a lower surface
emperature of 34 ◦C. Yilmaz et al. (2008), based on micro-scale
eld studies in the Turkish city of Erzurum, found average differ-
nces of 11.8 C in surface temperatures between asphalt concrete
nd grass (there were few trees in this city, and the major type of
egetated cover was grass).

These reports point to the pervasiveness of the urban challenge
f ground surface warming, especially in warmer parts of the world
here the shade effects of vegetation and trees may be much more

mportant than in north America or Europe – despite which this
spect remains less studied (Popoola and Ajewole, 2001; Escobedo
t al., 2008; Jim and Chen, 2009).

This can have major economic implications. For instance, the
alue of urban forests in terms of providing cooling and reducing
lectricity consumption for air conditioning in Beijing is esti-
ated to be over 15 million USD per year, while the urban forests

f Guangzhou are similarly estimated to provide urban services
reater than 92 million USD annually (Jim and Chen, 2009). Thus the
conomic benefits of street trees in terms of potential amelioration
f urban microclimate heating can have potentially substantial eco-
omic benefits for Bangalore, as for many other fast growing cities

n the tropics.
Differences in humidity were also observed, although these

ere not statistically signficant. Other research in Colombo, Sri
anka (Johansson and Emmanuel, 2006) also finds higher levels of
umidity on streets with shade provided by trees or buildings –
owever this study and others (e.g. Jauregui (1991) in Mexico City,
exico and Yilmaz et al. (2008) in Erzurum, Turkey) also point out

he impact of wind speeds in influencing temperature and humid-
ty. In our study, as wind speed and direction were not recorded,
e do not have information on this aspect which may potentially
nfluence our results on humidity, as well as on ambient air and
oad surface temperatures, and on air pollution results.
ban Greening 12 (2013) 408–415

Air pollution, particularly that of SPM, has an adverse impact on
human health, leading to disorders ranging from asthma attacks
to an increased incidence of fatalities in premature births (Ghose
et al., 2005; Nidhi and Jayaraman, 2007). We find 8 out of 10 roads
to have SPM levels higher than permissible limits when there are
no trees, with five of these reaching levels twice that of the permis-
sible limits. The presence of trees has a significant role to play in
reducing SPM levels, such that only 2 out of the 10 roads that had
trees showed SPM levels above safe levels. Yang et al. (2005), in a
study in Beijing, conclude that fine scale SPM (below 10 �m) consti-
tuted the air pollutant most effectively reduced by urban trees, and
these were able to remove an estimated 1261 tons of air pollutants
from the city in 2002. Escobedo et al. (2008) modeled the impacts
of urban forests on air pollution reduction in Santiago, Chile, esti-
mating total annual removal rates of PM10 in urban forests to range
from 14.8 to 17.3 g/m2/yr.

In Bangalore, studies indicate that vehicular traffic contributes
as much as 42% of the PM10 pollution load, but only 16% of city
SO2 levels (TERI, 2010). In response to increasing volumes of traffic
(Léfevre, 2009), road infrastructure expansion activities have led
to the felling of tens of thousands of roadside trees in recent years
(Nagendra and Gopal, 2010). The species selected for planting have
also changed over time (Nagendra and Gopal, 2010, 2011), with
an increased preference for species with relatively smaller canopy
sizes, such as the mast tree (Polyalthia longifolia) and royal palm
(Roystonea regia) (Agarwal et al., 2013). Species selection can play a
major role in impacting the amount of pollution reduction offered
by city trees. For instance, it has been suggested that trees with
compound leaves, particulate hairs, pronounced leaf tips and com-
plex margins are more efficient at capturing dust and suspended
matter (Khan and Abbasi, 2000; Chakre, 2006; Leuzinger et al.,
2010). Further research is required to understand the optimal mix
of species suitable for planting in tropical cities which can maxi-
mize the impacts on microclimatic mitigation and reduction in air
pollution.

This study provides a preliminary assessment of the potential
role of street trees in microclimate amelioration and air pollution
reduction in the tropical, rapidly developing city of Bangalore. Lim-
itations of small sample size, lack of information on wind speed and
direction, and lack of sufficient data does not permit the use of rig-
orous non-parametric tests to examine the role of other potentially
confounding factors such as the role of bare soil, ground vegetation
and distance of monitors from road segments on our results. In
particular, results of our non-parametric correlation suggest that
distance between the monitor and the road edge have an influence
on SO2 levels that may influence our conclusions on the relation-
ship between tree cover and SO2 pollution levels, however the data
is not conclusive, or large enough to permit rigorous multivariate
analysis to explore this further The study however suggests promis-
ing directions for future in-depth research at a larger scale on this
issue.

Conclusions

This study provides initial, exploratory insights into the possible
environmental benefits of street trees in reducing air tempera-
ture, humidity and air pollution in tropical developing cities, where
insufficient information is currently available. Results indicate that
ambient air temperature, road surface temperature humidity and
air pollution are lower in road segments with tree cover in Ban-
galore, although the small sample size and lack of information on
our results. While this study provides a preliminary exploration of
some of these issues, more extended, in-depth research is required
to focus the attention of planners on the role of urban greenery in
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ustainable city management, a role that has been largely ignored in
any developing country cities (Kuruneri-Chitepo and Shackleton,

011). Tropical cities like Bangalore, where the impacts of warm-
ng and air pollution may be especially severe, could benefit from
rograms of large scale tree planting such as those being under-
aken in other cities such as Tshwane, South Africa (Stoffberg et al.,
010), and Guangzhou, China (Jim and Chen, 2009). The results of
his research suggest that such tree plantation can have greater
mpact in microclimatic amelioration and air pollution reduction
f conducted in urbanized parts of the city with high public move-

ent such as streets and market places, where in fact most trees
ave been cut rather than planted in recent years (Nagendra and
opal, 2010).
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