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ABSTRACT

Particulate matters (PMs) and sulfur dioxide (SOy) are regulated air
pollutants in Canada that pose adverse impacts on human health and
environment. Monitoring ambient PMs and SO concentrations is essential
for air quality management. However, ambient pollutant monitoring by
conventional methods over large areas could be costly. Applying satellite
remote sensing to estimate ambient pollutant concentrations could reduce
cost of air quality monitoring. In this work, dark pixel and atmospheric
correction concepts using Landsat images were used to develop algorithms
to generate spatial distribution maps for estimated ambient PM2.5, PM3o and
SO, concentrations over selected areas of Saskatchewan in Canada. The
PCI Geomatica program was used to perform atmospheric correction made
on each pixel having the same coordinates as the air quality observing
station. Pairs of atmospheric path radiance and measured PM or SO;
concentrations were regressed to obtain algorithms. Results show that the
dark pixel concept works well for water surfaces while the atmospheric
correction concept can be effectively applied for any surface with known
spectral reflectance. The correlation coefficients of the predictive
algorithms obtained from dark pixel and atmospheric correction concepts
were in the range of 0.72-0.83 for PM1o, PM25, and SO, concentrations.
The spatial distribution maps generated from the atmospheric correction
concept are able to illustrate areas with high PM concentrations due to
forest fires. Higher PM concentrations are found in summer than in spring
and winter due to increasing agricultural activities. The SO, concentrations
in the southern part of Saskatchewan are higher than that in the central and
northern parts due to emissions from coal-fired power plants in Estevan.

Keywords: remote sensing, Landsat, air quality, particulate matter, sulfur
dioxide, pollution monitoring

INTRODUCTION

Ambient particulate matters (PMs) consist of solid particles or liquid
droplets suspended in the air. The particulate matters with diameters less
than 2.5 microns (PM.s) and 10 microns (PMig) are classified as toxic
substances currently regulated under the Canadian Environmental
Protection Act (Health Canada and Environment Canada, 1998). Based on
epidemiological studies, an exposure to more than 15ug/m*PMio and PM_s
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for 24 hours can pose harmful effects on public health (Environment
Canada, 2010). The Canada-wide standard for PM;sis 30ug/m? for a 24 hour
averaging period (CCME, 2000).

The atmospheric PMs are emitted from open sources, industrial and non-
industrial combustion sources, and transportation sources. Significant open
source emitters are from agricultural production. Emissions from agriculture
vary temporally and spatially, depending on types of agricultural activities.
Land preparation and harvesting tend to cause high levels of PMs (Pattey et
al.,, 2010). With 44% of its surface area in agricultural production,
Saskatchewan’s PM emissions are considerable (Agriculture and Agri-Food,
2010; Pattey et al., 2010). In addition to PMs, sulfur dioxide (SO) is another
air pollutant that requires special attention as it is a criteria air contaminant
mainly produced from fossil fuel burning or industrial processes. According
to the Environmental Canada air pollution contaminant data in 2000
(Saskatchewan Ministry of Environment, 2006), SO, emissions in
Saskatchewan come from various sources (i.e., non-industrial fuel
combustion (82%), industrial sources (15%), and transportation (3%)).
Under the Canadian Environmental Protection Act (CEPA) 1999, and based
on the National Ambient Air Quality Objective (NAAQO), it is
recommended that exposure to SO, concentration should be no more than
0.06 ppm for a 24-hour period or 0.117 ppm for 1-hour. The maximum
acceptable level of SO; is 0.14 ppm for 24-hours or 0.34 ppm over 1-hour
(Environment Canada, 2010). The Saskatchewan ambient air quality
standard for SO is 450 ug/m? for 1 hour or 150 pg/m? averaged over a 24
hour period (Saskatchewan Ministry of Environment, 2006).

In order to monitor air pollution caused by PMs or SO, continuously,
the Saskatchewan Ministry of Environment operates a network of
monitoring stations at urban centers across Saskatchewan to measure
ambient air quality. The ministry also collects data in communities that are
accessible by road, using the Saskatchewan Air Monitoring Lab (SAML): a
mobile air monitoring vehicle (McCullum and Magsood, 2012). However,
this air quality monitoring network does not extend into remote communities
and small towns, especially in northern Saskatchewan. Monitoring air
quality using conventional, direct-sampling methods in a cost-effective
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fashion is a challenge for large and remote areas, which are common in
Saskatchewan. A cost effective method, for example using remote sensing
techniques, should be investigated. This work aimed at developing an
effective method for applying remote sensing technologies for air pollution
monitoring. We developed an effective algorithm for using Landsat (TM)
and (ETM+) to estimate the energy caused by the scattering process in the
atmospheric layer (atmospheric path radiance), established empirical
correlations between atmospheric path radiance and PM or SO;
concentrations, and applied these algorithms to estimate ambient PM or SO,
concentration distributions across a broad area of Saskatchewan on seasonal
basis. To achieve this, this work was initially implemented on the basis of
dark pixel concept. The input data used were obtained from Landsat
TM/ETM+, downloaded from NASA or USGS websites. When using the
dark pixel concept, the pixels of the Landsat data above clear water body
nearest the air motoring station were selected. The values of these pixels are
known as the dark pixel digital numbers (DNs). At the same time, the
measured PM and SO- concentrations were collected from that air quality
motoring station. The pairs of DNs and the measured PM or SO,
concentration of several dates were used to create relationships by using the
regression analysis. It can be seen that the dark pixel assumption is a simple
way to create PM or SO, prediction equations over water bodies.

After employing the dark pixel concept, this work was implemented
using the atmospheric correction concept. The Landsat TM/ETM+ data were
entered into the program PCI Geomatica to perform the atmospheric
correction. In developing the algorithms, the atmospheric correction was
made on each pixel having the same coordinates as the air quality observing
station. The atmospheric path radiance of that pixel can be calculated. At the
same time, the measured PM and SO- concentrations were collected from
that air quality motoring station. The pairs of atmospheric path radiance and
the measured PM or SO, concentrations of several dates were used to create
relationships by using the regression analysis. To create the PM or SO;
concentration distribution maps, the derived relationships and the Landsat
TM/ETM+ data over the study area were entered into the PCl Geomatica
program.
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STUDY AREA

The study area is in Saskatchewan, one of the three Prairie Provinces in
Canada. The Saskatchewan population is about 1,033,381 based on the 2011
census. Over half of the population lives in nine cities, each with a
population of more than ten thousand (Census, 2011). Saskatchewan covers
a total area of 65.1 million ha, 67% of which is cultivated land, 44% of which
is agricultural land, 27% of which is pasture, and 6% of which is other land
types (Agriculture and Agri-Food, 2010). Saskatchewan has four seasons
similar to other regions, but the winter snow covers the ground for almost 6
months per year from November to April.

Important reasons to select Saskatchewan as the study area are that most
areas of Saskatchewan are farm lands. Agricultural activities in the farm
lands cause atmospheric PM emissions and a potential health risk.
Saskatchewan also generates electric power by using coal. The primary
electricity supply is from several coal-fired power plants, which produce
high SO, emissions. For example, the Boundary Dam Power Station in
Estevan, Saskatchewan, produces high levels of SO, production. Therefore,
it is very important for the public to have information of PM and SO
concentration distributions correctly and efficiently so that they can manage
themselves accordingly. Despite its vast area, only five monitoring stations
regularly monitor air quality across the province. These stations are located
in La Loche, Prince Albert, Regina, Saskatoon, and Swift Current. The data
collected from these stations do not reflect air quality in other cities, small
towns, and remote areas. Application of remote sensing technology may
offer a cost-effective solution for filling this data gap.

AIR MONITORING STATION AND REMOTE SENSING DATA

The Saskatchewan Ministry of Environment provided hourly
concentration data for PMio/PM,s (ug/m®) and SO, (ppm) historical air
quality data which can be downloaded from: http://www.environment.
gov.sk.ca/airqualityindex. Two air monitoring stations in Saskatchewan
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were used for PM1o, one in Regina and the other in La Loche. Data were also
used from five air motoring stations for SO; in La Loche, Prince Albert,
Regina, Saskatoon, and Swift Current. The data were acquired from January
2000 to December 2010. The coordinates of the air motoring stations are
shown in Table 1 along with the ambient PM1o/PM25s (pug/m®) and SO,
(ppm), which are the same as in the satellite over pass.

Table 1. Location of study area and air monitoring stations

Station Latitude Longitude

La Loche 56.482309 °N -109.43331 °W
Prince Albert 53.201926 °N -105.75164 °W
Regina 50.45017 °N -104.61722 °W
Saskatoon 52.13613 °N -106.66293 °W
Swift Current 50.28583 °N -107.81689 °W

Table 2. Landsat-5 (TM) and Landsat-7 (ETM+)

Band Wavelength (um) | Spectral response | Spatial resolution (m)
number

13b 0.45-0.52 Visible 30

2ab 0.52-0.60

3ab 0.63-0.69

43b 0.76 - 0.90 Near infrared

6 10.40 - 12.50 Thermal infrared | 120 (TM)®, 60 (ETM+)?

2http://landsat.gsfc.nasa.gov/education/compositor/invisible_light.html.
Phttp://landsat.usgs.gov/band_designations_landsat_satellites.php.

Although both MODIS and ASTER data have been extensively used to
estimate ambient PM and SO, concentrations (Gupta et al., 2006), the data
obtained from Landsat TM/ETM+ were used in this work because of the
availability and finer spatial resolutions of the data. The Landsat TM/ETM+
data were downloaded from the USGS website, and obtained in a digital
format (*.tiff). Based on the spectral signatures of previous studies using 4
bands for PMs (channels 1-4) and 5 bands for SO, (channels 1-4 and 6), the
details of Landsat (TM) and (ETM+) are given in Table 2.
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DARK PIXEL

Methodology

Dark pixels are the pixels of clear water where most radiance energy is
absorbed by the water. As such, they are shown as a dark colour on satellite
images and their DNs are close to zero. Because the water body absorbs most
radiant energy, the DNs above the clear water represent aerosol and
particulate matters in atmospheric layer. Steps for implementing the dark
pixel concept to develop PM and SO, concentration algorithms are
illustrated in Figure 1.

Step 1: Acquiring Landsat Data

The implementation began by assembling multispectral Landsat
TM/ETM+ images that had been acquired over the test period between May
2000 to May 2010. A total of 52 images were obtained. Six images were
excluded from the study due to cloud cover in the proximity of air quality
monitoring stations. Landsat TM/ETM+ bands 1 to 4 were used for PMyo
and PM2 s and bands 4 and 6 for SO, studies.

Step 2: Determination of Dark Pixels

The Landsat DNs over the water bodies nearest to the air quality
monitoring stations were treated as dark pixels (e.g., Regina and La Loche).
It was assumed that the water bodies behaved like "black bodies" absorbing
all incoming radiance from the sun. Therefore, the radiance recorded by the
satellite sensor over the water bodies were the result of atmospheric
scattering caused by aerosol, particulate matters, and gases in the
atmospheric layer. Since ambient particulate matter is one of the major
sources of atmospheric scattering, the pixel values from the water bodies
have the potential to correlate with PMip and SO, concentrations. The
atmospheric path radiance is expressed below.
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where Ly is the atmospheric path radiance (W/m?/sr) for the Landsat band,
k, Lsx is the radiance at the sensor in band k (W/m?/sr), px is the surface
reflectance of band k, Eqx is the irradiance arriving at the top of the

atmosphere (W/m2) in band k, & is the angle of incidence (deg), D is the

correction factor for the Earth-Sun distance, and J is the Julian day. The
values of Lsx can be calculated from the Landsat data (DNx).

Lsk = apk —ak DNk ()

where agx and aix are constants. With dark pixel, the value of px was
assumed to be 0. Thus,

Lok = agx —a DNy (3)

Step 3: Preprocessing Measured Data of PM1o PM2s and SO»
Ambient Concentrations

The Saskatchewan Ministry of Environment provided hourly ambient
concentration data for PM1 PM. s and SO, that were measured at air quality
monitoring stations. The PM1 PM.s and SO, data sets were pre-processed
by removing outlier data to minimize predictive deviation of the derived
algorithms. Outliers are extreme noise pixels value or spikes that are further
away from the trend line in a scattered plot between spectral reflectance and
PM concentrations (Mather and Koch, 2011). After data pre-processing, a
total of 46 and 26 data points were used for the PMy and SO, algorithm
development, as shown in Tables 3-4 respectively.
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Figure 1. Implementation steps for estimating ambient PM1o, PM_ 5, and SO,
concentration from Landsat data.
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Table 3. Landsat data and corresponding measured
PMas and PMyo concentrations

Date Digital value (DN) Station Measured
ambient
concentration
(ng/m?)

Band1l | Band2 | Band3 | Band 4
(DN;) | (DNy) (DNs) | (DNy) PM.s | PMyo

22-May-00 | 140 130 132 115 Regina 9 204

30-May-00 | 68 55 46 21 3 48

26-Jul-00 64 49 38 55 13 64

27-Sep-00 90 76 81 60 15 61

02-Jun-01 89 67 8 31 3 17

29-Aug-01 | 80 75 60 70 10 80

30-Sep-01 81 25 27 30 9 57

27-Apr-02 68 48 43 32 6 32

21-May-02 | 115 85 63 73 24 95

05-Jun-02 70 50 40 19 1 20

13-Jun-02 58 28 22 32 5 34

30-Jun-02 43 41 20 14 2 12

15-Jul-02 112 90 93 60 34 95

16-Jul-02 78 57 46 63 20 78

24-Jul-02 55 25 20 40 8 40

25-Aug-02 | 100 84 48 80 12 68

09-Sep-02 55 43 33 14 4 14

10-Sep-02 31 18 12 12 1 9

17-Sep-02 123 120 110 80 19 107

23-May-03 | 105 89 89 48 12 47

19-Jul-03 70 50 40 19 2 16

26-Jul-03 64 47 40 24 6 24

19-Jun-04 70 50 40 30 4 28

13-Aug-04 | 72 50 38 63 6 73

07-Sep-04 13 10 10 14 0 6

25-Oct-04 46 32 30 24 2 24

15-Jul-05 50 53 45 26 2 17
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Date Digital value (DN) Station Measured
ambient
concentration
(ng/m®)

Band1l | Band2 | Band3 | Band 4
(DN1) | (DNy) (DN3) | (DNa) PMzs | PMyg

23-Jul-05 54 23 18 25 Regina 0 54

24-Jul-05 25 12 16 15 1 7

09-Aug-05 | 60 45 35 15 1 15

09-Sep-05 101 103 72 60 22 89

26-Sep-05 77 39 32 12 8 56

19-Oct-05 44 34 28 16 3 15

14-Jul-07 47 40 30 26 6 26

07-Aug-07 | 74 29 25 21 17 21

15-Aug-07 | 58 44 35 21 8 52

31-Aug-07 | 84 64 53 30 12 48

16-Sep-07 64 50 39 25 3 25

21-Nov-08 | 45 40 25 26 3 12

30-Apr-09 85 62 63 46 2 38

07-May-09 | 40 15 15 37 2 17

08-Nov-09 | 36 25 20 20 4 10

11-Nov-09 | 10 5 6 10 0 5

08-Apr-10 106 73 83 63 6 90

13-May-10 | 84 20 18 21 LaLoche | 13 12

18-May-10 | 65 27 30 14 Regina 6 13

*using 1 pixel.

Step 4: Development of Algorithms for PMs and SO»

Multiple linear regressions were performed using the statistical software
SPSS to develop algorithms for ambient concentrations of PM1o and SO..
Relationships between the measured PM;o and SO, concentrations and DNs
at different Landsat spectral bands were correlated. The correlations with
high R? values for PM1o and SO, concentrations were chosen as the potential
algorithms. These algorithms were then tested with a series of statistical
analysis to assess their compliance with the assumptions of the multiple
linear regression (e.g., linearity, normality, homoscedasticity, multi-
collinearity, and autocorrelation).



164 Pet Techarat, Amornvadee Veawab, Joseph M. Piwowar et al.

Table 4. Landsat data and corresponding
measured SO concentrations

Date Digital value (DN) Station Measured ambient
SOz concentration
Band 4 Band 6 (ppm)
(DNa4) (DNe)
30-May-00 21 120 Regina 0.006
26-Jul-00 55 131 0.014
02-Jun-01 31 108 0.01
13-Aug-04 63 123 0.017
07-Sep-04 14 114 0.025
06-Jul-05 39 100 Saskatoon 0.001
15-Jul-05 26 124 Regina 0.008
24-Jul-05 15 124 0.021
07-Aug-05 17 126 Prince Albert 0.001
09-Aug-05 15 127 Regina 0.02
26-Sep-05 12 114 0.008
19-Oct-05 16 105 0.018
26-Oct-05 16 99 Prince Albert 0.023
07-Jun-06 17 123 0.015
26-Aug-06 12 124 0.024
07-Apr-07 14 93 Saskatoon 0.007
09-May-07 22 112 0.001
14-Jul-07 26 133 Regina 0.007
31-Aug-07 30 123 0.012
16-Sep-07 25 119 0.009
16-Oct-07 10 106 Saskatoon 0.002
28-Apr-09 20 100 Prince Albert 0.001
30-Apr-09 46 82 Regina 0.001
08-Nov-09 20 66 0.002
11-Nov-09 10 91 La Loche 0.014
08-Apr-10 63 91 Regina 0.002
*using 1 pixel.

The potential algorithms that failed to meet the tested assumptions were
excluded, while those that met the assumptions were chosen as the predictive
algorithms. These algorithms were subsequently implemented using the PCI
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Geomatica image processing software to generate maps of PM1o, PM_ 5, and
SO, concentrations over the study area.

Results and Discussion

PMao Algorithm

A number of equations that model the relationship between the
measured PMio concentrations and DNs from different spectral band
combinations are presented in Table 5. In the first three equations, the level
of significance is greater than 5% of the probability error, and they fail to
satisfy the statistical assumptions of multiple regression. However, the last
correlation, which is the contribution of bands 3 and 4, passes the test criteria
with a level of significance within 5% of the probability error.

As illustrated in Figure 2(a), the plots between DNs bands 3 and 4 and
PMjo concentrations predicted by the last equation in Table 5 exhibit a linear
relationship. The normal distribution of data is evident from the plots
between cumulative and expected probability of standardized residual
(Figure 2(b)). The homoscedasticity test shows no pattern of the plots
between predicted and standardized residual; thus, the variances are
homogeneous (Figure 2(c)). Furthermore, no multicollinearity is exhibited
since the values of variance inflation factor (VIF) for bands 3 and 4 is 2.45,
the tolerance is 1, and the Eigen values are 1.95, 0.047, and 2.725 for
constant, band 4, and band 3, respectively. Note that the Durbin-Watson
value is 1.2 is accepted here because it is very close to the allowable range
(1.5-2.5), indicating a small degree of autocorrelation between bands 3 and
4. The parity plot is illustrated in Figure 2(d). Thus, the statistically valid
predictive algorithm for PM1o ambient concentration is:

where PMyo is the estimated PM1oambient concentration (ug/m?), DNs is the
digital number of Landsat Band 3, and DN is the digital number of Landsat
Band 4.
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Table 5. Possible Algorithms for PM1; Ambient Concentrations

TM/ETM | Algorithm R? Stat
+ Band# tests
land 4 { DN ] , |0.86 Fail
PM,,=-7.26364+1.8370% ——1— |+0.0112N?
InDN,
2and 4 DN 0.85
PM,, = 5.4796 +1.25286 2_14+0.01188DN?
InDN,
3and 4 DN , | 086
PM,, =2.39785+1.88430 Inis +0.0109DN;,
3
3and 4 PM,,=-11.967 +1.038DN, +0.423DN, | 083 | Pass

PM: s Algorithm

A number of correlations between the measured PM s concentration and
the atmospheric path radiance of bands 1-4 were developed using the
multiple linear regression. It was found that all equations have low
correlation coefficients and fail to satisfy the statistical assumptions of the
multiple linear regresssion. For examples in Table 6, these three equations
haave R? of 0.37-0.47. Therefore, in light of the poor performance of these
equations to predict PM2s concentrations directly from the Landsat spectral
data, an indirect prediction method was developed.

In this method, a correlation between the measured PMzs and PMyo
concentrations was derived with R? of 0.77 using the data in Table 3. The
PM2s was thus written as Equation (5) and its parity plot is presented in
Figure 3.

PM,. =0.187x PMy, (5)

PM,; =0.194106DN, +0.07910DN; —2.23782¢ (6)

where PMs is the estimated ambient concentration of PMzs (1g/md).
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Table 6. Possible algorithms for PM.s ambient concentrations

TM/ETM+Bands | Algorithm R? Stat

tests
4 PM,, =-4.82+0.185DN, 0.37 | Fail
1&4 PM,, =-3.172+0.117DN, +0.81DN, | 042 | Falil
1,2&4 PM,; =-3.859+0.142DN, +0.171DN, —~1.22DN0-47 | Fail
SO, Algorithm

A number of equations were derived from different spectral band
combinations to model the relationship between the measured SO,
concentrations and the atmospheric path radiances as given in Table 7.
Based on statistical assumption tests, the last three correlations fail to satisfy
the test criteria, i.e., the level of significance is greater than 5% of the
probability error. On the contrary, the first correlation, which is the
contribution of bands 4 and 6, passes the test criteria with a level of
significance of within 5% of the probability error. The normal distribution
of data is evident from the plots between the cumulative and expected
probabilities of the standardized residuals (Figure 4(a)). The
homoscedasticity test shows no pattern when the predicted and standardized
residuals are plotted, suggesting that the variances are homogeneous (Figure
4(b)). The value of the Durbin Watson test for autocorrelation is 2.412,
which indicates that there is no autocorrelation in the residuals. Thus, the
statistically valid predictive algorithm for PMioambient concentration is:

5.1235, 5.9109<In(DN,) @)

SO, =0.2544+1.2482<10° DNy -
VDN, DN,

where SO is the estimated SO, ambient concentration (ppm), DN, is the
Landsat digital number of Band 3, and DN is the Landsat digital number of
Band 3.




Mapping Spatial Distribution of Ambient Particulate Matter ... 169

Validation of Developed Algorithms

The developed algorithms of PM1o, PM2s and SO, were validated with
independent data sets in Tables 8-9 collected from three air monitoring
stations (Regina, La Loche and Saskatoon) on dates different from ones used
for algorithm development. It was found that the developed algorithms of all
three pollutants can be used to predict ambient concentrations of PMao, PM2s
and SO, with R? of 0.78, 0.74 and 0.72, respectively.

Mapping Ambient Air Pollutant Distributions

The developed algorithms were used to map ambient concentration
distributions of PM1o, PM_5 and SO.. It was found that remote sensing using
dark pixel generally produces reasonable distribution maps. PMas
concentrations are less than 10 pg/m® (Figure 5a) while PMy varies with
location up to 100 pg/m?® (Figures 5b —5d). PMyo and PM_s concentrations
in the eastern part of the study area are higher than those in the central part
because of the forest fire. The concentration trend followed what occurred
on those days.

Table 7. Possible algorithms for SO, ambient concentrations

ETM+ |Algorithm R? |Stat
Bands tests
4&6

5_1235+5.9109<|n(DN4) 0.70 |Pass
G'W DN,
50, =6.36x10"3+2.996<10"*DN, +5.432x1074DN,
2

S0, = 0.2544+1.248210 5 DN

1&6 0.61 |Fail

+(4.1035¢107 0 x DN,

2&6 | 50,-0.651810" +(1.809%107°) x DNL®)-3.794x10%DN,, |0-5

+4.7864x10" 8DN3

3&6 502:—1.4866+O.1759><In(DN6)+ 3.1072 + 0.0292 0.5
In(DN6) In(DN3)
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Table 8. Algorithm validation for PMi and PMzs

Station  |Date Digital value |PM1o (ug/m?) PM2s (ug/m?)
(DN)
Band [Band |Measured |Predicted |[Measured |Predicted
4 3
Regina 1-Apr-10 105 (145 |21 29.61 102 158.36
3-May-10 |17 55 2 5.41 30 28.94
19-May-10 |25 49 8 6.49 42 34.71
13-May-11 |47 56 N/A N/A 40 60.51
23-Jun-11 |18 54 8 5.53 11 29.56
9-Jul-11 17 38 6 4.07 23 21.75
16-Jul-11 18 37 4 4.18 31 22.37
10-Aug-11 |18 38 N/A N/A 43 22.79
17-Aug-11 |15 42 8 4.00 19 21.37
26-Aug-11 |17 42 8 4.38 20 23.45
11-Sep-11 |18 38 9 4.26 22 22.79
18-Sep-11 |15 35 5 3.44 13 18.41
16-Jun-12 (23 46 4 5.87 21 31.37
25-Jun-12 |23 49 8 6.10 45 32.63
2-Jul-12 23 31 5 4.68 15 25.02
18-Jul-12 18 38 3 4.26 17 22.79
27-Jul-12 17 37 N/A N/A 33 21.33
12-Aug-12 |16 36 2 3.72 16 19.87
19-Aug-12 |17 36 7 3.91 29 20.91
4-Sep-12 30 56 6 8.02 51 42.86
6-Oct-12 15 35 N/A N/A 27 18.41
La Loche [20-Apr-10 |52 93 85 81.35
7-Jun-10 11 27 10 10.87
16-May-11 |14 32 25 16.10
25-May-11 |10 25 13 8.99
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Figure 4. Statistical assumption tests for SO,: (a) Normality test; (b) Homoscedasticity
test.

The PM3o and PM_ s concentrations in the northern part of the study area
are lower than those in the southern part since there are a lot of water bodies
in the northern part. Comparing seasonal PM concentrations in Figure 6,
PMio and PM. s concentrations in summer are higher than those in spring
due to an increase in agricultural activities in summer while those in fall are
lower than those in the summer due to the decrease in agricultural activities.
As shown in Figure 7, SO, concentrations in summer are lower than those
of spring and fall. This is because there are more rains in the summer to
dilute the SO, concentrations.

It should be noted that using the equation developed based on the dark
pixel assumption to map the distribution of PM and SO, concentrations over
the land surface may result in overestimation due to the assumption of the
dark pixel concept of no reflectance above the surface water. If the studied
area is not the surface water, then the DNs will be too high because DNs are
the sum of PM and SO; reflectance and land cover reflectance. Therefore,
the maps showing PM and SO, concentration distribution using the dark
pixel concept over land areas should be used only to show the trend of
concentrations, not the actual concentrations.
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Figure 5. Predicted Spring concentrations (data of 5/25/2011): (a) PM_snear Regina,
(b) PMyg near Saskatoon, (c) PMy near la Loache and (c) PMyo near Regina.
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Table 9. Algorithm validation of SO concentrations
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Station Date Digital value (DN) | SOz (ppm)
Band 4 | Band 6.1 | Measured | Predicted
Regina 19-May-10 87 119 0.008 0.007
13-May-11 55 134 0.018 0.011
27-Sep-11 54 135 0.001 0.002
4-Sep-12 54 115 0.004 0.005
La Loche 20-Apr-10 60 120 0.009 0.008
25-May-11 68 142 0.006 0.005
Saskatoon 23-Jun-12 81 114 0.007 0.006
10-Aug-12 66 146 0.01 0.006
17-Aug-12 59 138 0.005 0.004
27-Sep-12 46 123 0.008 0.01
H gz Blsckstrap E
g iy
Cypress Hill:
i = B "

500000 600000 700000

5400000
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Figure 6. Predicted PM;o concentrations near Regina: (a) Summer (data of 6/7/2010)

and Fall (data of 9/18/2011).
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Figure 7. Predicted SO, concentrations near Regina: (a) Spring (data of 5/13/2011), (b)
Summer (data of 6/23/2012) and Fall (data of 8/10/2012).

ATMOSPHERIC CORRECTION

Methodology

Atmospheric correction is a procedure for removing effects of aerosols
and particulate matters from satellite imagery. If the atmosphere contains
aerosols and PMs, the pixel values or digital numbers (DNs) at the satellite
sensor cannot correctly represent the required land cover. This is because
the scattering process due to aerosols and PMs in the atmosphere behaves as
data noise, which may cause inaccurate land cover interpretation. In general
applications of remote sensing, this data noise must be removed by using the
atmospheric correction before the remote sensing data can be used.
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In this investigation, instead of discarding the data noise, its magnitude,
which is the atmospheric path radiance, was used as the predictor of PMg
and SO concentrations. Input data for calculating atmospheric correction
are: Landsat TM/ETM+ data, sun orbit data, and locations of observing
stations. The result of atmospheric correction was the atmospheric path
radiance (L), which was used to predict PM and SO, concentrations. The
procedure for deriving PMio, PM.5s and SO, concentration equations is as
follows:

Step 1: Acquiring Landsat, PM1o, PM25, and SO, Concentration Data

Landsat ETM+ data were employed instead of using the MODIS and
ASTER data, due to their availability. The implementation began by
assembling multispectral Landsat TM/ETM+ data between May 2000 to
May 2010 downloaded from the USGS Earthexplorer website. A total of 46
and 25 images were collected on the same dates as those of PMs, and SO>
measurements, respectively.

Step 2: Acquiring Land Cover Data

Each land cover has a unique spectral reflectance that is used for
calculating atmospheric path radiance. For example, the reflectance of water
body is very low while the reflectance of dry soil is very high. This study
used a reflectance of the land cover at the air monitoring station to calculate
the atmospheric path radiance. Knowing the land cover and its spectral
signature from the spectral library, the spectral reflectance can be obtained
and used to calculate atmospheric path radiance.

Instead of using one pixel digital value, the values of eight neighboring
pixels including the center pixel were averaged and used in the calculation.
The question is whether or not the resolution of the Landsat TM/ETM+
changed from 30 to 90 m. According to the theory of remote sensing, spatial
resolution depends on wavelength, therefore it has nothing to do with the
averaging neighboring pixel values. The mean value is used instead of the
single value since it is the most probable value in the sample set.
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Step 3: Determination of Sun Orbit Data

The sun position is an input to the PCl Geomatica to calculate
atmospheric path radiance. Because the sun is the source of energy for
Landsat TM/ETM+ data, the intensity of the radiance received at the satellite
sensor depends on the location of the sun and the satellite during data
collection. The location of the sun is described by the Greenwich hour angle
(GHA) and declination angle. In most cases, the sun location can be
expressed by azimuth and zenith angles (zenith = 90 - declination). In this
study, the PCI Geomatica was used for calculating the position of the sun.
For example, it is required to find the position of the sun with respect to
Regina (latitude 50.416767 N, longitude 104.590363 W) on 13 May 2010 at
10:30 local time. By using the PCI Geometica, the result shows that the sun
position of 13 May 2010, at 10.30 h local time (17.30 h UTC time) was
expressed byazimuth and zenith angles of 144.4624 and 36.1146 degrees,
respectively. The sun zenith angle is used to perform atmospheric correction.

Step 4: Atmospheric Correction
This study used PCI Geomatica to perform the atmospheric correction.
The input pararmeters are as follows:

1) elevation of Saskatchewan: approximately 0.6 kilometers,

2) sensor type: Landsat TM or ETM+,

3) pixel size: 30 meters,

4) calibration files: "tm_standard_1999.cal" for Landsat TM and
"etm_standardl.cal" for Landsat ETM+,

5) condition list: the standard atmosphere presented when the Landsat
data was taken. In this study, atmospheric area = rural, condition =
mid-latitude summer, thermal atmospheric definition = dry desert,
visibility = 30 km, adjacency = 1 km.

6) solar zenith angle: the value from step 3.

When using the PCI Geomatica for atmospheric correction, the thematic
raster metalayer was included. The metalayer contains the corrected data
which are haze bitmap mask layer, cloud bitmap mask layer, visibility layer,
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and a layer with value-added data. To use the spatially varying conditions
option, there must be visible, near-infrared (NIR), and thermal bands, and
reference areas of known reflectance such as a section of dense vegetation
to use as a reference target. When using the spatially varying conditions
option, the PCI Geomatica calculates the visibility for each pixel in the
image. The result of atmospheric correction is a scaled surface reflectance
image with a range of 0 to 255 for 8-bit data. An example of the satellite
images before and after applying the atmospheric correction is shown in
Figure 8.

a b

Figure 8. Landsat data of the study area: (a) before applying atmospheric correction (b)
after applying atmospheric correction.

Results and Discussion

PMao Algorithm

The PMyo concentration data were pre-processed by removing outliers
to minimize predictive deviation of the derived algorithms. The processed
data points (Table 10) were used to derive a set of prediction equations. It
was found that Band 3 alone can successfully be used to derive a number of
equations that model the relationship between the measured PMjo
concentrations and atmospheric path radiance from spectral Band 3 as
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presented in Table 11. The first and third equations have the level of
significance greater than 5% of the probability error. As such, they fail to
satisfy the statistical assumptions of multiple regression. Thus, the
predictive equation having the highest R?=0.75 is given below.

PM,; = 0.6749+0.0149L; ; — 6.5736x 107°L5 ;

where PMy is the estimated PM1o ambient concentration (ug/m®) and Ly is

the atmospheric path radiance of Landsat (TM/ETM+) Band3.

(8)

Table 10. Examples of atmospheric path radiance of Bands 3, 4 and
Measured PM1o, and PM;s Concentrations

Date Landsat Band3 |Landsat Band4 PM1wo |PM2s |Station
Ls3 Lss |Lp3a|Lsa Lsa |Lpa ug/m3 ug/m3
before |after before |after
30-May-00 |102 35 |66 |61 1 60 |3 48 Regina
26-Jul-00 |108 18 |90 |57 1 56 |13 64
27-Sep-00 |77 1 76 |37 1 36 |15 61
02-Jun-01 |104 46 |58 |58 1 57 |3 17
29-Aug-01 |59 58 |59 1 58 |10 80
30-Sep-01 |75 74 |37 1 36 |9 57
27-Apr-02 105 51 |55 |52 1 51 |6 32
21-May-02 |136 1 135|63 1 62 |24 95
05-Jun-02 |104 49 |55 |53 1 52 |1 20
13-Jun-02 |56 1 55 |52 1 51 |5 34
30-Jun-02 |119 111 |8 |58 1 57 |2 12
15-Jul-02 [118 1 117|158 1 57 |34 95
16-Jul-02 |116 29 |86 |64 1 63 |20 78
24-Jul-02 |56 1 55 |50 1 49 |8 40
25-Aug-02 |53 1 52 |52 1 51 |12 68
09-Sep-02 |68 28 |40 |37 1 36 |4 14
10-Sep-02 |36 1 35 |35 1 34 |1 9
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Date Landsat Band3 |Landsat Band4 PMiw |PM2s |Station
Ls,3 L5,3 Lp,3 Ls,4 Lsa Lp,4 pg/m3 ug/m3
before |after before |after

17-Sep-02 |87 1 86 (45 1 44 |19 107 Regina

23-May-03 133 65 |68 |73 14 |59 |12 47

19-Jul-03 |97 50 |47 |55 1 54 |2 16

26-Jul-03 |88 39 |49 |54 1 53 |6 24

19-Jun-04 |130 80 |50 |62 2 60 |4 28

13-Aug-04 (101 19 |82 |57 1 56 |6 73

07-Sep-04 |67 30 |37 |37 1 36 |0 6

25-Oct-04 |58 30 (28 |37 10 |27 |2 24

15-Jul-05 (107 59 |48 |65 13 |52 |2 17

23-Jul-05 |53 1 52 |58 1 57 |0 54

24-Jul-05 |95 48 |47 |53 1 52 |1 7

09-Aug-05 |90 37 |53 |50 1 49 |1 15

09-Sep-05 |111 1 110(59 1 58 (22 89

26-Sep-05 |77 11 |66 |42 1 41 |8 56

19-Oct-05 |47 8 39 |35 1 34 |3 15

14-Jul-07 |67 23 |45 |58 5 53 |6 26

07-Aug-07 |48 1 47 |47 1 46 |17 21

15-Aug-07 |88 25 |63 |55 1 54 |8 52

31-Aug-07 |85 27 |58 |52 1 51 |12 48

Table 11. Possible Algorithms for PMio Ambient Concentrations

TM/ETM |Algorithm = Tstat
+Bands -
3 PMy, =4.18669+ (0.00371x L ;) InL, ; +(-9.05x10°L, ;) |0-75 |Fail
3 PM,;,=0.6749+(0.0149% L2p,3) —65736x10°° x L:i),s 0.75 |Pass
3 PMyy=-7.14134+ (005204 L ;) — (0.00924¢ L3  InL ;) |0-74 |Fail
3 PMyo = -9.8754+ (014495 L) + (5554107 x 123|073 [Pass
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PM_ 5 Algorithm

Correlations between PM.s concentrations and the atmospheric path
radiance of Landsat (band 3 and 4) were developed. It was found that their
correlation coefficients were low, i.e., the values of R?were 0.328 for band
3 and 0.146 for band 4. As such, an alternative method to estimate PM.s
concentrations was to use the relationship between PMiy and PMas
concentrations. The derived relationship is shown below and in Figure 9.

where PMy and PMys are the estimated PMi; and PM.s ambient
concentrations (ug/m?®). Substituting Equation 8 into Equation 9, PMys
concentration can be estimated by Equation 9.

PM,s = 000382%;-15514x10°L° ; -1.4207 (10)

SO, Algorithm

The data in Table 12 and the multiple regression analysis were used to
derive a relationship between the atmospheric path radiances and SO-
concentrations. The possible prediction equations were developed as shown
in Table 13. Based on the statistical assumption tests for regression analysis,
the third equation fails to satisfy the criteria (i.e., the level of significance is
greater than 5% of the probability error). On the contrary, the rest of
equations pass the test criteria with a level of significance within 5% of the
probability error. The normal distribution of data is evident from the plots
between the cumulative and expected probabilities of the standardized
residuals (Figure 10a). The homoscedasticity test shows no pattern when the
predicted SO, concentration and standardized residuals are plotted,
suggesting that the variances are homogeneous (Figure 10b). After testing
and passing the statistical assumptions of regression analysis, the first
equation (Equation 11) was selected due to its high R2.
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SO, = 0.1774-0.0443xLn(L,,)+2311x10° x 3, (11)

where SO; is the SO, ambient concentration (ppm), and L+ and L1 are the
atmospheric path radiance of Landsat(TM) and (ETM+) band 4 and band
6.1, respectively.

Mapping the Ambient Air Pollutant Distributions

Equations 8, 10 and 11, and Landsat TM/ETM+ data were entered into
the PCI Geomatica. The program calculations were based on each pixel for
the entire study area. The derived algorithm was tested by using the data of
Saskatchewan for three seasons: spring, summer, and fall. The winter was
not tested because most areas were covered with snow and the Landsat data
could not be used.

40
35 |y =0.236x - 1.562
R2 =(0.788 ¢
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o
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Figure 9. Relationship between PMy and PM, s concentrations.
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Table 12. Data Used for Algorithm Development for SO,

Date Landsat Band4 Landsat Band 6 Station
Lsa Lsa Lpa Lss Lss Lps Location
before | after before | after

30-May-00 | 64 1 63 142 62 80 | Regina

26-Jul-00 | 49 1 48 151 74 77

02-Jun-01 | 58 1 57 131 53 78

13-Aug-04 | 48 1 47 142 73 69

07-Sep-04 | 37 1 36 NA NA NA

06-Jul-05 | 77 9 68 106 31 75 | Saskatoon
15-Jul-05 | 65 13 52 132 56 76 | Regina

24-Jul-05 | 53 1 52 141 67 74

07-Aug-05 | 59 1 58 149 78 71 | Prince Albert

09-Aug-05 | 50 1 49 143 74 69 | Regina

26-Sep-05 | 42 1 41 128 84 44

19-Oct-05 | 35 1 34 111 91 19

26-Oct-05 | 34 1 33 108 110 2 Prince Albert

07-Jun-06 | 56 5 51 146 69 77

26-Aug-06 | 44 1 43 NA NA NA

07-Apr-07 | 57 1 56 105 48 57 | Saskatoon

09-May-07 | 69 1 68 133 58 75

14-Jul-07 | 60 5 55 157 76 81 | Regina

31-Aug-07 | 47 1 46 138 77 61

16-Sep-07 | 48 1 47 137 86 51

21-Nov-08 | 35 1 34 74 65 9

28-Apr-09 | 60 1 59 123 55 68

30-Apr-09 | 63 1 62 92 25 67

11-Nov-09 | 38 1 37 NA NA NA | LaLoche

8-Apr-10 NA NA NA 111 a7 64

In spring (Figure 11), the predicted PM1o concentrations were about 10-
50 pg/m?® and 50-100 pg/m? in most parts of the study areas. However, in
the western region, the PMso concentration was higher (100-150 pg/m?) due
to the forest fires occurring on that day. In summer, the predicted PMyo
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concentrations increased to 100-150 pg/m?® due to increasing agriculture
activities in most areas. In fall, the predicted PMio concentration decreased
to 50-100 pg/m?in most parts of the study areas due to decreasing agriculture
activities.

Table 13. Possible algorithms for SO, ambient concentrations

TM/ETM | Algorithm R? Stat
+Bands test
4,6.1 SO, =0.1774-0.0443x Ln(DN,) +2.311x10 8 xDNg, | 0.73 | Pass
3 50, =0.1846- (4.66x10"2 x LnDN,,) + (2808x10 ODNg,) | 073 | Fail
3 50, = (5.086x10™2) + (23%5) 1 (2241x107 2 x DNg ;) 0.70 | Pass
DN, '
4,6.1 S0, = (-2.58x1072) +(2.364x10~4 x DNZ ;) + [EXP(DN,)(0.213421.67688] | 0.69
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Figure 10. Statistical assumption tests for; (a) normality, (b) homoscedasticity.

For PM_s, the patterns were similar to those of PM as shown in Figure
12 because the relationship between PM1o and PM_s concentrations had a
high correlation coefficient (R? = 0.788). In spring, the predicted PM.s
concentration was less than 10 pg/m? and 10-20 pg/m?® in most parts of the
study areas. However in the western region, the predicted PM.s
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concentration was higher (20-40 pg/m?®) due to the forest fires occurring on
that day. In summer, the predicted PM2s concentrations increased to 20-40
ug/m® due to increasing agriculture activities in the most areas. In fall, the
predicted PM, s concentration decreased to 10-20 pg/m?in most parts of the
study areas due to the decline in agriculture activities.
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Figure 11. Predicted PM;o concentration (a) Spring near Saskatoon (data of 5/25/2011),
(b) Spring near La Loche (data of 5/25/2011), (c) Summer near Regina (data of
6/7/2010), and (d) Fall near Regina (data of 9/18/2011).
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For SO, the predicted concentration was not significantly different for
all seasons (Figure 13) because SO, was the result of industry not
agricultural activities. In spring, the predicted SO, concentration was less
than 0.01 ppm in the east of Regina and 0.01-0.05 ppm in most parts of the
study areas. In summer, the predicted SO, concentrations increased to 0.05-
0.10 ppm in most areas. In fall, the predicted SO, concentration decreased
to less than 0.01 ppm and 0.01-0.05 ppm in most parts of the study areas.

CONCLUSION

Actual measurements of PM and SO concentrations are costly for both
for setting up the measuring stations and operational costs. The air quality
motoring stations can provide only point data not spatial data, which is
important for the public. This investigation demonstrated the use of remote
sensing as input data to estimate the PMs or SO, concentrations in lieu of
actual measurements. An important advantage of using remote sensing to
map PMs or SO, concentrations is that the mapping can be done almost in
real time covering large areas at very low costs, which is impossible for
ground measurements to accomplish. It can be concluded from the results of
this investigation that Landsat TM/ETM+ data can successfully be used as
inputs of the derived algorithm to map the spatial distribution of PMs and
SO, concentrations with high efficiency.

Although the dark pixel concept can be used to derive PM and SO,
concentration prediction equations, but the application is limited only for the
water surface. This is because an important assumption of the dark pixel
concept is that water bodies absorb all radiant energy and the pixel values of
the water bodies must equal zero. The non-zero pixel values are the result of
PMs and gases in the atmospheric layer and are a function of their
concentrations. Using this concept, PM and SO, concentration equations can
be derived, but very limited to be used. Despite the limitation, the dark pixel
concept was still useful for this study because it helped selecting suitable
Landsat TM/ETM+ bands to be used.
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Figure 12. Predicted PM_s concentrations; (a) Spring near Saskatoon (data of
5/25/2011), (b) Spring near Regina (data of 5/25/2011), (c) Summer near Regina (data
of 6/7/2010), and (d) Fall near Regina (data of 9/18/2011).

The concept of atmospheric path radiance can be used to derive PM and
SO- concentration equations. The equations derived by using this concept
are widely applicable anywhere without limitations as long as the land cover
or land use types of the study area are known. By comparing the land cover
or land use types with those of known spectral signatures found in the
previous works, the spectral reflectance of the interesting land covers or land



Mapping Spatial Distribution of Ambient Particulate Matter ... 187

uses in the study area can be estimated. For example, the land use of the
study area is grassland and the previous study showed that the spectral
reflectance of the grassland is 0.30 (Short, 2013), then the reflectance of the
study area is also 0.30. The spectral reflectance is used to calculate the
atmospheric path radiance, which is the predictor of PMs or SO,
concentrations.
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Figure 13. Predicted SO, concentrations near Regina (a) Summer (data of 6/23/2012),
and (b) Fall (data of 8/10/2012).

This case study successfully demonstrates how remote sensing can be
applied to estimate ambient particulate matter concentrations and map their
spatial distributions. Algorithms for the estimation of PM were developed
using Landsat TM/ETM+ bands 3 and 4. The correlation coefficients of the
predictive algorithms using the dark pixel concept were 0.83, 0.77, and 0.72
for PMy, PM.s, and SO estimation, respectively. The correlation
coefficients of the predictive algorithms using the atmospheric correction
concept were 0.75 for PMg, 0.77 for PM2s,and 0.72 for SO,. These models
were validated using an independent data set. The correlations between the
independent (measured) PM concentrations and their estimated values are
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0.78 for PMyg, 0.79 for PM.s, and 0.73 for SO,. The results of this study
agree very well with those occuring in the study area, therefore the results
confirm that the derived algorithms work very well.
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