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ABSTRACT ARTICLE HISTORY

For the past decades, there have been increasing concerns about Received 30 October 2016
urban environmental degradation, especially under the circumstance Accepted 22 March 2017
of urbanization. This paper compares the trends between air tem-

perature and surface temperature, and characterizes spatial distribu-

tion and connection with relevant urban characteristics, in the

Greater Toronto Area (GTA) of Ontario in the context of surface

urban heat island (SUHI). The trends in annual and seasonal tempera-

ture were investigated in the GTA from 1984 to 2014. A local scale

investigation was continued by applying Landsat and ASTER ther-

mal-band images in order to characterize SUHI intensity in the study

area. Results show that strong SUHI phenomenon is mainly observed

at downtown Toronto and industrial areas and the temperature

variation is consistent with the pace of urbanization, such as low

NDVI, land use change, increasing population and new roads.

1. Introduction

Surface Urban Heat Island (SUHI) is one term which exams the difference of land
surface temperature (LST) derived from remote-sensing data (Sobrino et al. 2013) and its
actuality is one important index of ecological conditions in urban areas. Constantly
strengthen of extreme weather and climate events by Urban Heat Island(UHI) could
become serious challenges for socioeconomic and natural systems, such as urban heat
wave (Smargiassi et al. 2008; Curriero et al. 2002), susceptible to UHI (Semenza et al.
1996), photochemical smog (Rosenfeld et al. 1995), rainfall intensity(Dixon and Mote
2003), damage to the ecosystems and wildlife, the pollution of drinking water (Krause
et al. 2004; Finkenbine, Atwater, and Mavinic 2000). There are increasing concerns about
the side effect of UHI regarding to our urban environments, especially how abnormal
temperature will interact with UHI (Coutts, Beringer, and Tapper 2010).

By examining long-term annual mean temperature in the Greater Toronto Area(GTA),
Ontario, Canada, it is found that the increasing trend of temperature is consistent with
the pace of urbanization which starts from 1920 at downtown Toronto and 1960 at the
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suburban areas (Mohsin and Gough 2014). With an increasing growth in the quantity
and intensity of extreme heat events, and 80% of Canadians living in urban areas, for
example, the GTA, there is an urgent requirement of SUHI mapping and monitoring in
spite of Canada’s well-known cold temperature.

The local scale climate of the GTA is fluctuated by a change in elevation from the
shore of Lake Ontario. Generally, Lake Ontario will moderate the summer extreme
temperature, which is the ‘Lake Breeze’ effect, by blowing winds from water to land
(Scott and Huff 1996). Additional factors such as the scattered and emitted radiation
from atmospheric pollutants to the urban area, the production of greenhouse gas and
aerosol concentrations from air conditioning and refrigeration systems, as well from
industrial processes and motorized vehicular traffic, have been recognized as additional
anthropogenic climate factors for the UHI. Therefore, this paper explores the UHI from
the role of urban development and characterizes the SUHI in the GTA, by using thermal
infrared (TIR) remote sensing data from the past 30 years.

2, Study area and data

2.1. Study area

We selected the City of Toronto and its surrounding areas as our study area. The growing of
the GTA is reflected by increasing of build-up areas and population. The City of Toronto, as the
core of the GTA, is a characteristic study subject located near 44°N and along the western
shore of Lake Ontario. Figure 1 shows the growing of urban areas of the GTA since 1945.

2.2. Satellite images

The selected Landsat-5 TM images of path 18, row 29 and path 18, row 30 were acquired
from website of the US Geological Survey (USGS) in GeoTIFF format between 1984 and
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Figure 1. Change of the urban areas in the GTA.
Source: Greenbelt 2014.
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2013. The raster images for each scene include 7 tiff images for 7 bands separately. Each
band monitors radiance within a specific section of the light spectrum. In our study, the
thermal band (Band 6) images are key research contents with 120 m pixel resolution.

2.3. Historical climate data and supplementary data

The weather stations data recorded from 1969 to 2014 were used in our study. The
temperature data are available from Environment Canada (EC) for each station. According
to raw meteorological data, annual, seasonal and monthly mean temperature series can be
calculated separately. The supplementary data can be helpful when analyzing and evaluat-
ing the original data, such as GTA boundary, population, road network, and land use.

3. Method
3.1. Data preprocessing

The time series (once a year from 1984 to 2014) used in the trend analysis were tested for
homogeneity by using the Mann-Whitney (MW) test. During the study period, certain stations
may encounter problems such as missing data, change of measurement locations and update
of instruments. Therefore the MW test insures the robustness and effectiveness of the data. The
MW test, which is a non-parametric style test, identifies sample differences by first ranking all
the combined sample contents with sequence regarding to sample means and medians. The
result of MW test is stations’ p-values(significant difference) are both larger than 0.05 and past
the homogeneity test which insures the robustness and effectiveness of the data.

All images acquired at the different dates were resampled to 30 m and the study area
was clipped out from mosaic images by taking a shapefile representing the GTA
boundary as the base map. The workflow of our method is shown in Figure 2.

Mann-Whitney
Test

Geometric GTA
Correction Images

Road Land Surface
Network Temperature
Calculation

Annual and

! i Seasonal Mean

| i Temperature

3 ¥ 1; Serial AUTO- Trend

i [ NDM i Cor.rl_ilsatt on Result

| i e
| ' | |
| ; Land b Mann-1 |
|| Population Layer i No ann .
1 L/\]* Overlay Use b v kendall | |
i i Test |
| i/ Correlation yy :
i 1\ Coefficient - !
| Ma i . |
! P i Yue's !
i i Method i

Figure 2. Flowchart of the methodology.
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3.2. Data analysis and LST estimation

In order to reduce the effect of serial auto-correlation, the serial auto-correlation of each time
series was test before applying the Mann-Kendall (MK) trend analysis. The method used to
remove the time series lag-1 correlation coefficient is the autoregressive and integrated
moving average (ARIMA) model. The data from the station(at Pearson International Airport)
shows autocorrelation at 0.05 level for annual mean temperature and the other stations do not
present autocorrelation for the data serial.

The first step for the LST conversion is to convert the digital numbers of the images to
the Top of Atmosphere radiance (ToA,) values according to spectral radiance scaling
method(Eq.1). The ToAr can be calculated by:

o Rmax — Rmin

ToA, =
' QMax - OMin

x (DN — Quwin) + Rwmin (Eq.1)

where Ryax and Ryin are the reference radiance extremums for each band correspond-
ingly from metadata file. Qua., and Qu;,, are equal to the extremums of digital number to
store cell value. DN is the known digital number per pixel and ToA, is the calculated the
ToAr values per cell. For Landsat-5 TM, data are stored by 8-bit pixel values which means
the corresponding Quax is 255 (Qmax = 65,535 for 16-bit Landsat-8 data). Eq. 1 can be
further simplified as a gain and bias method in Eq.2:

ToA; = (Gain x DN) + Bias (Eq.2)

where:

Gain = W and Bias = Ruy;n

Next step is to calculate the LST value using the following inverse Planck function,
shown in Eq. 3, where K; and K, are calibration constants.

LST=— 2 (Eq.3)

Where K; and K, are the calibration constants and R is the spectral radiance derived
from previous step.

This two-step method calculates the LST based on brightness temperature, other popular
algorithms with general higher accuracy including the Mono-Window Algorithm (Qin, Karnieli,
and Berliner 2001) and Single-Channel Method (Jiménez-Mufioz et al. 2009). The more
accurate LST value could be achieved by considering detailed land surface emissivity.
However, the field data is incomplete in this study for some locations especially in the early
stage of record. The term ‘LST' used in this study is represented and based on at-satellite
brightness which does not consider the effect from both surface emissivity and atmospheric
correction parameter. Furthermore, the main focus in this study is to discover long-term trend
and pattern, therefore land surface emissivity is assumed to be 1. To validate the relative
accuracy of the LST results, the LST maps are compared to the weather stations’ air tempera-
ture records from where different urban land-cover classes were corresponding. The UHI
intensity was extracted based on annual and seasonal mean temperature.
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4. Results and discussion
4.1. Remotely sensed SUHI

Figure 3 shows the seasonal UHI intensity from 1984 to 2014 by comparing urban area
(downtown Toronto) with rural area (Beatrice). UHI intensity is quantified by average
temperature difference between urban and rural sites. From the graph, the strongest
UHI intensity mostly appears in the winter since 1984 with highest of 7.1°C in 2003. It is
not surprising that the UHI intensity values in winter is generally stronger than tradi-
tional hot days in summer. The high latitude of the GTA increasing the need of heat
supply during the winter which contributes the unique UHI phenomenon in the GTA.
The seasonal UHI intensity did not present significant increasing trend like annual UHI
intensity for the past 30 years in the GTA.

4.2. Satellite derived LST

The results of 1984 and 2014 SUHI intensity maps are shown and compared in Figure 4. The
SUHI intensity was obtained by subtracting the lowest temperature in the map from the
calculated LST. Red colour represents the degree of temperature difference. In areas under the
strong SUHI phenomenon, the map will still show strong red colour even the temperature is
low for that areas. This is the case in Figure 4 since the temperature associated withside map
(24.3°C) on the right is lower than the map (26.1°C) on the left side. As shown in Figure 4, we
could be conclude that the SUHI intensity is high in 2014 because widely distributed red areas

30
14
20 =
O 10 ~—— : T o
bt aad e R » 10 T
= § s a
g0 ’\/'_V\/\/\/\,—/\/\/\ 3
5 8 =
o =~ n a =
S - -
g 10 A\I~~ ;- Fas 4 §\ A Y L ~~, S z
= -
1984 1989 1994 1999 2004 2009 2014
Year

1 UHI Intensity(spring)

UHI Intensity(autumn)

Downtown Toronto(spring)

Downtown Toronto(autumn)

Beatrice(spring)

Beatrice(autumn)

I UH| Intensity(summer)
s UH| Intensity(winter)

e D OWntown Toronto(summer)

Downtown Toronto(winter)
== == == Beatrice(summer)

= == == Beatrice(winter)

Figure 3. Seasonal UHI intensity (full line is urban area and dash line is rural area) from 1984 to 2014.
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Figure 4. SUHI intensity map of the GTA in 1984(a) and 2014(b).

are shown on the SUHI intensity map of 2014. On the contrary, the map on the left showing
very little red part that means the SUHI intensity is low in 1984.

4.3. SUHI characterization regarding to NDVI

The potential relationship between the normalized difference vegetation index(NDVI) and the
LST is valuable when characterizing the SUHI in the GTA. Figure 5 shows the NDVI maps of the
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Figure 5. NDVI (1984:A,2014:B) and SUHI (1984:C,2014:D) intensity map of the GTA in 1984 and 2014.
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GTA in 1984 and 2014 respectively. At the meantime, they are compared with the SUHI
intensity for the corresponding year. As the urbanization effect, more and more green space
is replaced by the built-up areas. The decreasing of the NDVI value and shrink of the vegetation
extension are observed from the map on the left in Figure 5 with more black areas sprawled
from the urban centre. The SUHI intensity is highlighted by red colour on the right of Figure 5.
The increasing areas of the high SUHI intensity is agreeable with the growing areas with the
low NDVI values, which shows the potential negative correlation from one to the other.

4.4, SUHI characterization regarding to land use

The shapfile of the land use classes of the GTA was integrated with the LST map to explore the
underlying SUHI feature. The hot areas tend to distribute on central urban areas where the
commercial and residential types of land use are highly centralized. Commercial areas typically
have higher mean values of the LST compared to that of those parks. The possible explanations
is that the commercial areas have a large amount of the impervious layers such as parking lots
and building rooftops which absorb and store the heat, while parks are covered with vegeta-
tion or water which cools the surface by evaporation(see Figure 6)

Figure 6. Thermal behaviors of factories in LST map of the GTA.
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4.5. SUHI characterization regarding to population

The SUHI is not only influenced by ‘real” heat form but also can be shaped by the degree of
human activities. Therefore, the population density as an indirect measure of the potential
human activities could be connected with the SUHI characterization. The population density
was classified into six classes in this study. The mean LST of each class was calculated based on
the imagery acquired on August 27, 2011. Figure 7 shows the proportional relationship
between the population density and the LST. Accordingly, it can be concluded that the
population distribution affects the SUHI of the city by contributing to the increase of the LST.

4.6. SUHI characterization regarding to road network

The SUHI was characterized by considering transportation conditions in the GTA since
many studies have suggested that the vehicle exhaust emission could promote the
greenhouse gas emission which is acknowledged to be the primary contribution to the
SUHI. Figure 8 shows the increasing of road coverage of the GTA from 2006 to 2014 by
red lines and it combined with the LST map.

According to Figure 8, the LST enhances as the increasing of road network density. In
allusion to the land use standpoint from the sections mentioned above, it is clear to conclude
that the SUHI spreads from the city core. From another point of view, which is the viewpoint of
road network, it is forceful to say that the SUHI extends along the main road network depends
on its geographic appearance. The high traffic volume generates more heat than nearby low
level streets.

5. Conclusions

In this study, the annual mean air temperature trend and characteristic of annual and
seasonal UHI have been explored successfully in the GTA by analyzing the historical
temperature records from local weather stations. Additionally, the long-term thermal
band of satellite images have been applied to characterize the SUHI in the GTA regarding
to different urban characteristics such as vegetation, land use, population and road network.
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Figure 7. Population density by classes vs. mean LST in 2011(Every class interval is 2000 persons/
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Figure 8. Overlay of the LST map on the road network of the GTA in 2014.

5.1. Historical data trend

The result of annual mean temperature trend test indicates a mild increasing trend for down-
town Toronto and the very far rural weather stations. However, a significant increasing trend at
0.05 level for annual mean temperature is presented at the weather stations such as the
Pearson International Airport and Richmond Hill where experiencing high pace development
in recent decades. Despite the variation of significant level for air temperature trend at
different locations, the annual UHI intensity of downtown Toronto is increased generally
with increased extreme value during the past five years.

5.2. SUHI mapping

The result shows high correlation between image-based land surface temperature and
weather stations’ data, which implies the potential to convert LST to air temperature.
After combining image-based LST map with NDVI, land use data, population density
information and road network shapefile, SUHI is characterized accordingly. Finally, by
connecting census data to LST, it shows directly connection between population density
and LST in the GTA with high correlation coefficient.
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