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Diofantos G. Hadjimitsis, Kyriacos Themistocleous and Argyro Nisantzi
Cyprus University of Technology
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1. Introduction

Air pollution has received considerable attention by local and global communities (Wald et
al, 1999). Many major cities have established air quality monitoring stations but these
stations tend to be scarcely distributed and do not provide sufficient tools for mapping
atmospheric pollution since air quality is highly variable (Wald et al, 1999). Satellite remote
sensing is a valuable tool for assessing and mapping air pollution as satellite images are able
to provide synoptic views of large areas in one image on a systematic basis due to the
temporal resolution of the satellite sensors. Blending together earth observation with
ground supporting campaigns enables the users or governmental authorities to validate air
pollution measurements from space. New state-of-the-art ground systems are used to
undertake field measurements such as Lidar system, automatic and hand held sun-
photometers etc. The rise of GIS technology and its use in a wide range of disciplines
enables air quality modellers with a powerful tool for developing new analysis capability.
Indeed, thematic air pollution maps can be developed. Moreover, the organization of data
by location allows data from a variety of sources to be easily combined in a uniform
framework. GIS provides the opportunity to fill the technical gap between the need of
analysts and decision-makers for easy understanding of the information.

This Chapter presents an overview of how earth observation basically is used to monitor air
pollution through on overview of the existing ground and space systems as well through the
presentation of several case studies.

2. Relevant literature review

The use of earth observation to monitor air pollution in different geographical areas and
especially in cities has received considerable attention (Kaufman and Fraser, 1983; Kaufman
et al., 1990; Sifakis and Deschamps, 1992; Retalis, 1998; Retalis et al., 1998; Sifakis et al., 1998;
Retalis et al., 1999; Wald and Balleynaud, 1999; Wald et al., 1999; Hadjimitsis et al., 2002;
Themistocleous et al., 2010; Nisantzi et al. 2011; Hadjimitsis et al., 2011). All the studies have
involved the determination of aerosol optical thickness (AOT) either using indirect methods
using Landsat TM/ETM+, ASTER, SPOT, ALOS, IRS etc. images or MODIS images in which
AOT is given directly. The superior spatial resolution of Landsat and SPOT enable several
researchers to develop a variety of methods based on the radiative transfer equation,
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118 Air Pollution — Monitoring, Modelling and Health

atmospheric models and image-based methods. Indeed, Kaufman et al. (1990) developed an
algorithm for determining the aerosol optical thickness (using land and water dark targets)
from the difference in the upward radiance recorded by the satellite between a clear and a
hazy day. This method assumes that the surface reflectance between the clear day and the
hazy day images does not change. Sifakis and Deschamps (1992) used SPOT images to
estimate the distribution of air pollution in the city of Toulouse in France. Sifakis and
Deschamps (1992) developed an equation to calculate the aerosol optical depth difference
between one reference image (acquired under clear atmospheric conditions) and a polluted
image. Their method was based on the fact that, after correction of solar and observation
angle variations, the remaining deviation of apparent radiances is due to pollutants. Retalis
(1998) and Retalis et al. (1999) showed that an assessment of the air pollution in Athens
could be achieved using the Landsat TM band 1 by correlating the aerosol optical thickness
with the acquired air-pollutants. Moreover, Hadjimitsis and Clayton (2009) developed a
method that combines the Darkest Object Subtraction (DOS) principle and the radiative
transfer equations for finding the AOT value for Landsat TM bands 1 and 2. Hadjimitsis
(2009a) used a new method for determining AOT through the use of the darkest pixel
atmospheric correction over the London Heathrow Airport area in the UK and the Pafos
Airport area in Cyprus. Hadjimitsis (2009b) developed a method to determine the aerosol
optical thickness through the application of the contrast tool (maximum contrast value), the
radiative transfer calculations and the “tracking’ of the suitable darkest pixel in the scene for
Landsat, SPOT and high resolution imagery such as IKONOS and Quickbird.

Satellite remote sensing is certainly a valuable tool for assessing and mapping air pollution
due to their major benefit of providing complete and synoptic views of large areas in one
image on a systematic basis due to the good temporal resolution of various satellite sensors
(Hadjimitsis et al., 2002). Chu et al. (2002) and Tang et al. (2004) reported that the accuracy of
satellite-derived AOT is frequently assessed by comparing satellite based AOT with
AERONET (AErosol RObotic NETwork - a network of ground-based sun-photometers) or
field based sun-photometer. The determination of the AOT from the Landsat TM/ETM+
imagery is based on the use of radiative transfer equation, the principle of atmospheric
correction such as darkest pixel method (Hadjimitsis et al., 2002). Since MODIS has a sensor
with the ability to measure the total solar radiance scattered by the atmosphere as well as
the sunlight reflected by the Earth’s surface and attenuated by atmospheric transmission,
the AOT results found by MODIS were compared with the sun-photometer’s AOT results
for systematic validation (Tang et al., 2004). For the MODIS images, despite its low pixel
resolution, aerosol optical thickness values were extracted for the 550 nm band. MODIS data
have been extended correlated with PM10 over several study areas (Hadjimitsis et al., 2010;
Nisanzti et al., 2011) with improved correlation coefficients but with several limitations.
PM2.5 are also found to be correlated against MODIS data using new novel improved
algorithms (e.g Lee et al., 2011) that considers the low spatial resolution of MODIS with
future positive premises. Themistocleous et al. (2010) used Landsat TM/ETM+ and MODIS
AQOT data to investigate the air pollution near to cultural heritage sites in the centre of
Limassol area in Cyprus. Nisantzi et al. (2011) used both particulate matter (PM10) device,
backscattering lidar system, AERONET and hand-held sun-photometers for developing
PM10 Vs MODIS AOT regression model over the urban area of Limassol in Cyprus.
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Air Pollution Monitoring Using Earth Observation & GIS 119

It is expected that future satellite technologies will provide data with finer spatial and
temporal resolutions and more accurate data retrievals (Lee et al., 2011). Moreover, the
advanced capability of discriminating by aerosol species in satellite technologies will further
contribute to health effect studies investigating species-specific health implications (Lee et
al., 2011).

3. Aerosol Optical Thickness — Aerosol Optical Depth (AOD)

The key parameter for assessing atmospheric pollution in air pollution studies is the aerosol
optical thickness, which is also the most important unknown element of every atmospheric
correction algorithm for solving the radiative transfer equation and removing atmospheric
effects from satellite remotely sensed images (Hadjimitsis et al, 2004). Aerosol optical
thickness (AOT) is a measure of aerosol loading in the atmosphere (Retails et al, 2010). High
AOT values suggest high concentration of aerosols, and therefore air pollution (Retalis et al,
2010). The use of earth observation is based on the monitoring and determination of AOT
either direct or indirect as tool for assessing and measure air pollution. Measurements on
PM10 and PM2.5 are found to be related with the AOT values as shown by Lee et al. (2011),
Hadjimitsis et al. (2010), Nisantzi et al. (2011).

"Aerosol Optical Thickness" is defined as the degree to which aerosols prevent the
transmission of light. The aerosol optical depth or optical thickness (1) is defined as ‘the
integrated extinction coefficient over a vertical column of unit cross section. Extinction
coefficient is the fractional depletion of radiance per unit path length (also called attenuation
especially in reference to radar frequencies)’. (http://daac.gsfc.nasa.gov/data-
holdings/PIP/aerosol_optical_thickness_or_depth.shtml).

4. PM10

Particulate matter (PM10) pollution consists of very small liquid and solid particles floating
in the air. PM10 particles are less than 10 microns in diameter. This includes fine particulate
matter known as PM2.5. PM10 is a major component of air pollution that threatens both our
health and our environment.

5. Satellite imagery

Several remotely sensed data are used to provide direct or indirect air or atmospheric
pollution measurements. MODIS satellite imagery provides direct AOT measurements;
however, Landsat TM/ETM+, ASTER, SPOT or other satellites provide indirect
measurements of AOT through the application of specific techniques.

5.1 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard NASA’s Terra
spacecraft performs near-global daily observations of atmospheric aerosols. The MODIS
instrument measures upwelling radiance in 36 bands for wavelengths ranging from 0.4 to
14.385 pm and has a spatial resolution of 250m (2 channels), 500m (5 channels), and 1 km (29
channels) at nadir. (Kaufman et al, 1997; Tanré et al, 1997, 1999; Remer et al, 2005 ; Vermote
and Saleous, 2000). The aerosol retrieval makes use of 7 of these channels (0.47 - 2.12 pm) to
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120 Air Pollution — Monitoring, Modelling and Health

retrieve aerosol boundaries and characteristics. MODIS has one camera and measures
radiances in 36 spectra bands, from 0.4 pm to 14.5 pm with spatial resolutions of 250m
(bands 1-2), 500 m (bands 3-7) and 1000 m (bands 8-36). Daily level 2 (MODO04) aerosol
optical thickness data (550 m) are produced at the spatial resolution of 10x10 km over land,
using the 1 km x 1 km cloud-free pixel size. MODIS aerosol products are provided over land
and water surfaces. Typical MODIS satellite image with raw AOT values over Cyprus is
shown in Figure 1.
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Fig. 1. MODIS AOT satellite image (direct measurements of AOT).

5.2 ASTER

ASTER is an advanced multi-spectral imager that was launched onboard NASA’s Terra
spacecraft in December 1999. ASTER covers a wide spectral region with 14 bands from
visible to thermal infrared with high spatial, spectral and radiometric resolutions. The
spatial resolution varies with wavelength: 15m in the visible and near-infrared (VNIR), 30m
in the short wave infrared (SWIR), and 90m in the thermal infrared (TIR).

5.3 LANDSAT TM/ETM+

The Landsat Thematic Mapper (TM) is an advanced, multi-spectral scanning, Earth resources
sensor designed to achieve higher spatial resolution, sharper spectral separation, improved
geometric fidelity, and greater radiometric accuracy and resolution (Guanter, 2006). TM data
are scanned simultaneously in 7 spectral bands. Band 6 scans thermal (heat) infrared radiation,
the other ones scan in the visible and infrared. The Enhanced Thematic Mapper-Plus (ETM+)
on Landsat-7 that was launched on April 15, 1999 is providing observations at a higher spatial
resolution and with greater measurement precision than the previous TM
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6. Ground measurements for supporting remote sensing measurements

As both direct or indirect retrieval of the aerosol optical thickness from satellites require
ground validation, several resources (equipments, systems) are available to support such
outcomes. The authors provide an overview of the existing systems which are used to
support the air pollution measurements from space. Such systems are available at the
Cyprus University of Technology-The Remote Sensing Laboratory.

6.1 Automatic sun-photometer (AERONET)

The CIMEL sun-tracking photometer (Fig.2) measures sun and sky luminance in visible and
near-infrared. Specifically, it measures the direct solar radiance at 8 wavelengths (340nm,
380nm, 440nm, 500nm, 675nm, 870nm, 1020nm, 1640nm) and sky radiance at four of these
wavelengths (440nm, 670nm, 865nm, 1020nm) providing information for determination of
aerosol optical properties such as size distribution, angstrom exponent, refractive index,
phase function and AOT. The CIMEL sun-photometer is calibrated according to program of
AERONET specifications. An example of how measurements of AERONET aerosol optical
depth (AOD) retrievals compared with the AOD derived from satellite MODIS data are
correlated are shown in Figure 3. Such regression models are essential in order to test and
validate the AOD retrieved from satellites with ground measurements.

Fig. 2. CIMEL sun-photometer (Cyprus University of Technology Premises: Remote
Sensing Lab).
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Fig. 3. Correlation between MODIS AOD and AERONET AOD (level 2) for Limassol, April
2010 - March 2011.

6.2 Hand-held sun-photometer

The MICROTOPS II is a hand-held multi-band sun photometer (fig. 4). The sun-photometer
measures the aerosol optical thickness (440 nm, 675 nm, 870 nm, 936 nm and 1020 nm
bands) and precipitable water (936nm and 1020nm bands) through the intensity of direct
sunlight. The sun-photometer consists of five optical collimators (field of view 2.5 degrees)
while the internal baffles eliminate the reflections occurred within the instrument. In order
to extract the aerosol optical thickness the Langley method was used.

Such hand-held sun-photometers are useful to assess the effectiveness of the AOT
measurements derived from satellites. For example, Figure 5 shows the results obtained
from applying a linear regression model concerning the satellite AOT retrievals and ground-
based Microtops derived AOT for more than two years measurements in the area of
Limassol centre area in Cyprus.
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Fig. 4. View of hand-held sun photometer (MICROTOPS II sun-photometer).
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Fig. 5. Correlation between MODIS and Microtops AOD for Limassol, January 2009 - May
2011.
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6.3 LIDAR

The Lidar system (see Fig.6) is able to provide aerosol or cloud backscatter measurements from
a height beginning from 200m up to tropopause height. The Lidar emits a collimated laser
beam in the atmosphere and then detects the backscattered laser light from atmospheric
aerosols and molecules. The Lidar transmits laser pulses at 532 and 1064 nm simultaneously
and co-linearly with a repetition rate of 20 Hz. Three channels are detected, with one channel
for the wavelength 1064 nm and two channels for 532 nm. One small, rugged, flash lamp-
pumped Nd-YAG laser is used with pulse energies around 25 and 56 m]J at 1064 and 532 nm,
respectively. The primary mirror has an effective diameter of 200 mm. The overall focal length
of the telescope is 1000 mm. The field of view (FOV) of the telescope is 2 mrad.

Fig. 6. Light Detection and Ranging, Lidar System.

Using the two different wavelength of lidar we can extract aerosol optical properties such as
color index (CI), aerosol backscatter and extinction coefficient, Angstrom exponent,
depolarization ratio and AOT, which are all useful parameters for characterizing the type
and the shape of particles within the atmosphere. Moreover the lidar system can be used for
the detection of clouds and the provision of the Planetary Boundary Layer (PBL) height in
near-real time. The data that was extracted after the processing of lidar signals is shown in
Fig. 7 and 8. Such data are important for supporting the findings from satellite imagery and
through systematic measurements a local atmospheric model can be used for future
applications. Moreover, air pollution episodes can be fully supported and explained.
According to Fig. 7 and 7, the PBL extends from the surface up to 1600m and there are also
two layers above the PBL, the first are centred around 3300m and the second at 3800m.
Additionally there are multiple layers within the PBL and it can be distinguished not only
by the different colours of temporal evolution of atmosphere (fig.7) but from the peaks
presents in the signal of backscatter coefficient (fig.8).
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Fig. 7. Temporal evolution of the dust layers over Limasol on 1st of June 2010: Profile from
the Lidar system.
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Fig. 8. The vertical distribution of the backscatter coefficient on 1 June 2010, Limassol.

6.4 PM10 device

Several PM10 devices are available to measure particulate matter. Such devices can be
used to develop regression models between PM10 measurements with AOT values
obtained from satellites,which assists in the systematic monitoring of PM10 from space.
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For example, the TSI DustTrak (model 8520/ 8533) (fig. 9) is a light scattering laser
photometer that is used to measure PM mass concentrations. The instrucment specifically
measures the amount of scattering light which is proportional to volume concentrations of
aerosols and it could obtain the mass concentration of them. The instrument is placed in
the Environmental Enclosure and is mounted to a standard surveyor tripod for allowing
reliable and accurate sampling.

Fig. 9. PM10 devices (for example, Dust Trak model 8533/ 8520).

6.5 Field spectroradiometers

Several spectroradiometers are available to support the effective removal of atmospheric
effects from satellite imagery such as the GER-1500 and SVC HR-1024 field
spectroradiometers (see Fig.10). Spectroradiometers are used to retrieve the ground
reflectance of various standard calibration targets. The GER1500 field spectroradiometer are
light-weight, high performance covering the visible and near-infrared wavelengths from 350
nm to 1050 nm while the SVC HR-1024 provides high resolution field measurements
between 350 nm and 2500 nm. The application of an effective atmospheric correction
algorithm by using the retrieved ground reflectance values in conjunction with the use of
the radiative transfer equation provides an indirect method for determining the aerosol
optical thickness. Field spectroradiometric measurements are acquired over dark targets
such as asphalt areas (see Fig.10) so as to retrieve the AOT values through the application of
atmospheric correction algorithms over satellite imagery such as Landsat TM/ETM+,
ASTER, SPOT, ALOS, IRS etc.
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Fig. 10. Field spectroradiometric measurements over dark asphalt target.

7. Case studies

7.1 Case study 1: Retrieval of aot through the application of rt equation and
atmospheric correction algorithm

Hadjimitsis et al. (2010) provides several examples of how Lidar and sun-photometers
measurements can support the AOT values found from the Landsat TM/ETM+ satellite
images. AOT values are derived from Landsat TM/ETM + images using the darkest pixel
atmospheric correction method and radiative transfer equation.

The basic equations used to retrieve AOT values is described by Hadjimitsis and Clayton
(2009) has been fully applied. The revised method presented by Hadjimitsis et al. (2010)
differs from the traditional DOS (Darkest Object Subtraction) method in the following ways:
The method incorporates the true reflectance value which is acquired from in-situ spectro-
radiometric measurements of selected pseudo-invariant dark-targets such as dark water
bodies or asphalt black surfaces (fig.9); the method combines both the basic principles of the
darkest object subtraction and radiative transfer equations by incorporating in the
calculations the aerosol single scattering phase function, single scattering albedo and water
vapour absorption (i.e. Relative Humidity) (values as acquired from several in-situ
measurements).

The retrieved target reflectance is given by equation 1:

7[.(Lts - LP)

P ™) T s

where

Py 1s the target reflectance at ground level
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L,, is the at-satellite radiance (integrated band radiance measured in W/m?/sr)
Lp is the atmospheric path radiance (integrated band radiance measured in W/m?2/sr)
E is the global irradiance reaching the ground

t(u) T is the direct (upward) target-sensor atmospheric transmittance

For a dark object such as a large water reservoir the target reflectance (at ground level,
Pig = Pag 18 very low but is not zero. From this large reservoir the darkest pixel will be seen
at-satellite to have radiance L,, = L, . Therefore equation 1 can be re-written as:

_ ﬁ'(LdS _Lp)

= 2
Hu) T Eg 2

pdg

where

Paq 1s the dark target reflectance at ground level

L, is the dark target radiance at the sensor in W/m?2/sr

The aerosol optical thickness was calculated using equation 3 as given by Hadjimitsis and
Clayton (2009) [3]:

L - a)a{ (Eo.cos(6,).P,) }
47 (cos(6y)+cos(6,))

{1 - exp[—ru (1/cos 0 +1/cos HV)]} th,0 T. to, T. (3)
exp| -7, (1/cosy +1/cosb, ) |

The algorithm as presented by Hadjimitsis and Clayton (2009) required the following
parameters:

e ground reflectance values for the selected ground dark target either zero or any value
up to 5 % until the AOT value gets maximum (from spectro-radiometric measurements,
suitable water target, for example for water dams values of 0 to 5 % for TM band 1)

o the at-satellite reflectance value of the darkest pixel or target (from the image)

e and the aerosol characteristics (e.g. aerosol scattering albedo) unless you will make

assumptions based on previous studies .eg for urban areas aerosol scattering
albedo=0.78

By running equation (3) and (2), AOT value was found for Landsat TM band 1.

The first example indicates the AOT values as measured by CIMEL sun-photometer for the
whole day, 20/4/2010 as well for the whole month (see Figures 10 and 11). For the Landsat
ETM+ image acquired on 20/4/2010, the AOT was found to be 1.4 after the application of
the darkest pixel atmospheric correction i.e indirect method of retrieving AOT values. Such
value complies with the AOT value found during the satellite overpass for that day as
shown from Figure 11. Figure 12 shows that the daily AOT values for April 2010 from
AERONET, the 20th of April 2010 has the highest value.
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Fig. 11. Daily distribution of AOT by AERONET for the 20th of April 2010. (Hadjimitsis et al.,
2010).
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Fig. 12. Monthly distribution of AOT (11-30/ April/2010) by AERONET (Hadjimitsis et al.,
2010).
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Hadjimitsis et al. (2010) provided another example for the May 2010 (27th and 28th of May
2010) measurements both from LIDAR and AERONET. An assessment of the existing
atmospheric conditions was done using Lidar system and CIMEL sun-photometers for the
27th and 28th of May 2010 in which dust scenarios were occurred. By considering the
values given by the CIMEL sun-photometer as well the support given by the Lidar
regarding the dust event, the user assessed air pollution through the application of the
atmospheric correction algorithm. By using three months of measurements with both
CIMEL sun-photometer and LIDAR, it was found that the mean daily value of Aerosol
Optical Thickness exceeded 0.7, while the highest value of AOT during the day was 1.539
(Figure 13).
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Fig. 13. Monthly distribution of AOT (May) by AERONET (Hadjimitsis et al., 2010).

The measurements from LIDAR showed the previous day a distinct layer in a height
between 2 and 3 km (Fig.14). Thus the dust layer in a specific altitude above the Planetary
Boundary Layer (PBL) followed the high AOT values a day after as prescribed the CIMEL
sun-photometer from AERONET. Morevoer, according to Hadjimitsis et al. (2010), in order
to verify dust transport to Cyprus, the NOAA Hysplit Model was used, which provided
three-days air-mass back-trajectories in three different levels within the atmosphere. The
relevant 72-h back-trajectory analysis for air-masses ending over Limassol, Cyprus at 00:00
UT on 28 May is presented in Figure 15. It is remarkable that for 28 May all air-mass
trajectories ending over Limassol at levels between 1km and 4km originated from Saharan at
levels 0.5-4 km.
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Fig. 14. (a)Temporal evolution of a dust layer at an altitude of 1.9-2.6 km over the area of

Limassol (b) vertical distribution of the aerosol extinction coefficient in a case of high aerosol
loading (27/05/2010) (Hadjimitsis et al., 2010).
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Fig. 15. 72-h air-mass back-trajectories ending over Limassol, Cyprus at 00:0 UT on 28 May
2010 (Hadjimitsis et al., 2010).

By extending the same procedure over a large area of interest, AOT maps can be produced
using Landsat TM.ETM+ imagery as shown in Fig. 16
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Fig. 16. AOT map from Landsat TM images using indirect method such as the application of
atmospheric correction (Themistocleous et al., 2010).
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7.2 Case study 2: Retrieval of aot from modis and development of regression model
between aot vs pm10

Nisantzi et al. (2011) show how MODIS AOT data can be correlated with PM10 over an
urban area in Limassol, Cyprus. Based on the developed regression models, such model can
be used for systematic monitoring of air pollution such as PM10 over the urban area of
Limassol. Nisantzi et al. (2011) made a comparison between MODIS AOD at 550nm and
AERONET AOD (automatic-sun photometer as shown in Fig.2). The number of
measurements are 136 and the correlation coefficient according to coefficient of
determination (R? = 0.67) is R=0.822 (fig.16). These results indicate that MODIS-derived
AOD values can be used in case of no AERONET AOD will be available and vice versa.
Similarly MODIS AOD compared with Microtops II (See Fig.3) AOD at 500nm and the
retrievals for 141 data shows a better correlation R=0.867 (R?=0.7525) for more than two
years measurements (fig.18).

April2010 - March2011 y = 1,1478x + 0,1392
R? = 0,6761

1,4

MODIS Terra_Aqua AOD550nm

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
AERONET AOD 500nm (level 2)

Fig. 17. Correlation between MODIS AOD and AERONET AQOD (level 2) for Limassol, April
2010 - March 2011. (Nisantzi et al., 2011).
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January 2009 - May 2011
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Fig. 18. Correlation between MODIS AOD and Microtops AOD for Limassol, January 2009 -
May 2011 (Nisantzi et al., 2011).

In order to develop a regression model between MODIS data and PM10, Nisantzi et al.
(2011) attempted several correlations between PM10 and AOT sun-photometer prior to the
MODIS correlation in order to be more accurate. Nisantzi et al. (2011) acquired PM;o data
(using the DUST TRAK -Figure 9) every 10 minutes and AOD measurements for the CIMEL
sun photometer at the same time, with a possible deviation 5 minutes. The correlation is
shown in fig.19.
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Fig. 19. Correlation between PM;o and AERONET AOD for Limassol area, March 2011
(Nisantzi et al., 2011).
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Nisantzi et al. (2011) considered the effect of dust in the field campaign measurements. By
taking into consideration the measurements within the red cycles it was found that these
measurements corresponded to days with dust layer above the ABL. Also examined the lidar
measurements (see Figure 6) and by using backward trajectories for the three dust events
(3/3/2011-5/3/2011, 16/3/2011-18/3/2011 and 28/3/2011-31/3/2011) occurred within this
period. Nisantzi et al. (2010) excluded the data for these days and the correlation increased as
shown in Fig. 20 (n=231, R=0.68). By excluding the measurements with aerosol layer above the
ABL from both sun photometer and MODIS data, the correlation between the two variables
PMO Vs. AOD (MODIS & Sun photometer) increases and the plots are shown in figures 21, 22.

March 2011 (without dust events) y =0,071x + 0,0147
R? =0,4591

PM10 (mgr/mA3)

0 0,1 02 03 04 0,5 0,6
AERONET AOD 500nm (level2)

Fig. 20. Correlation between PM;o and AERONET AOD (level 2) for Limassol area for March
2011 after excluding days with dust layers (Nisantzi et al., 2011).
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Fig. 21. Correlation between PM;o and MODIS-derived AOD (Nisantzi et al., 2011).
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Fig. 22. Correlation between PM;o and Microtops II-derived AOD (Nisantzi et al., 2011).

8. GIS

GIS has the advantage of the high power of analysing of spatial data and handling large
spatial databases. Indeed, in air pollution there are a large amount of data that GIS can be
used for their handling. Data that is used for air pollution studies is air pollutants, wind
direction, wind speed, traffic flow, solar radiation , air temperature, mixing height etc. The
integration of both GIS and remote sensing provides an deal efficient tool for the air
pollution monitoring authorities (Zhou, 1995)

With GIS, remote sensing data can be integrated with other types of digital data, such as air
pollution measures. Merging satellite remote sensing and GIS tools provides a quick and
cost effective way to provide an improved qualitative assessment of pollution. GIS is a tool
that can be used for assessing the air pollution through the use of AOT values retrieved
directly from satellite imagery or in-situ sun-photometers, from air pollution measurements
including CO,, CO, SO,, PM10 and other environmental data. The integration of the above
information can be inserted into a GIS software which can monitor and map high risk areas
resulting air pollution. By using the AOT values retrieved from satellite, a thematic map can
be developed through the application of Kriging algorithm in order to indicate high-
polluted areas. Based on the determined AOT over an area of interest, and through
interpolation, thematic maps can be generated using colour themes showing the levels of the
AOT and/or pollution. Such information can be used as a tool for decision-makers to
address air quality and environmental issues more effectively. Figure 23 shows a typical
example of air pollutants over Cyprus using a GIS.
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Fig. 23. GIS indicating air pollutant emissions in Cyprus.

Several studies showed the importance of using both GIS tools as well as satellite remotely
sensed imagery to view and analyze the concentration of air pollutants and linkages with
land cover and land use (Hashim and Sultan, 2010; Weng et al; 2004; 2006).

8.1 Case study

After determining the AOT using both MODIS (direct method) and Landsat TM/ETM
imagery (indirect method), AOT thresholds were established based on PMI10
measurements acquired over studies shown in section 7.1 and 7.2. Using the developed
regression models shown in study area 7.2, thresholds of AOT values were obtained using
the relevant limit, which is 50pg/m3 as prescribed by the European Union. Then , a GIS
map was developed using the Kriging algorithm to identify areas with PM10
measurements above the acceptable threshold in order to monitor and map high risk areas
due to air pollution (figure 24) by blending together satellite imagery and GIS. The GIS
was conducted by dividing the area of interest using grid cells. The study found that by
using the AOT values from MODIS or Landsat, a GIS map can be produced which can
show high-polluted areas as shown in Figure 24. Themistocleous (2010) developed the fast
atmospheric correction algorithm and the simplified image based AOT retrieval based on
RT equation for GIS modeling which was used to create a thematic map of AOT values
over Limassol.
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Fig. 24. GIS Thematic map using Krigging algorithm to display AOT levels in the
Limassol area.

9. Conclusion

Earth observations made by satellite sensors are likely to be a valuable tool for monitoring
and mapping air pollution due to their major benefit of providing complete and synoptic
views of large areas in one snap-shot. Blending together GIS and remote sensing, AOT
values can derived over a large area of interest systematically. GIS is used also to map air
pollutants based on ground and satellite-derived AOT values.
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