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2.  IMPROVEMENT OF SPATIAL RESOLUTION IN THE 

THERMAL INFRARED 

This first part of my Ph.D work is devoted to improvement of spatial resolution in the 

Thermal Infrared (TIR) region in order to study Sea Surface Temperature (SST). 

Water temperature is a significant environmental indicator for seas, lakes, rivers, and streams. 

Indeed, localized increases of waterbody temperatures may have significant adverse effects on 

aquatic ecosystems. Thermal pollution of water has a double effect, being able to influence 

life in waterbodies either directly and indirectly going to affect a number of parameters, 

including density, salinity, and oxygenation. Thus, heavy water temperature increases can 

threaten the ecological integrity of water habitats. Spaceborne and airborne remote sensing 

plays a key role in monitoring the thermal pollution of waterbodies, since it allows us to 

monitor in near real time large water surfaces. The remote sensing of surface water 

temperatures using measurements of emitted thermal-infrared (TIR) radiation (8–14 μm) can 

provide spatially distributed values of radiant temperature (Tr) in the skin layer of the water 

(top 100 μm) (Handcock et al., 2006). 

In orbit there are several sensors to monitor the temperature of water surfaces. Among these 

we can list: 

 MODIS (Multispectral Infrared and Visible Imaging Spectrometer): located on polar 

satellites Terra e Aqua. It has 36 spectral bands:  20 in the VNIR region and 16 in the 

TIR region. VNIR bands have a spatial resolution varying from 250m and 1 km, 

VNIR bands have a spatial resolution of 1 km (Section 2.2.1.3). 

 AVHRR (Advanced Very High Resolution Radiometer): sensor located on NOAA 

satellites. It has two bands in the VNIR region and two bands in the TIR region. The 

fifth band acquires in the VNIR region during the day and in the TIR region during the 

night. The spatial resolution is 1 km. 

 ATSR (Advanced Along-Track Scanning Radiometer): installed on ERS-1 and ERS-2 

satellites. It has three bands in the TIR region and one band in the VNIR region. The 

spatial resolution is 1 km. 

 ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) : 

located on the polar satellite Terra. It has 14 spectral bands: 5 in the TIR region and  
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in the VNIR region. The spatial resolution in the VNIR region varies from 15 m to 30 

m, in the TIR region the spatial resolution is 90 m (Section 2.2.1.2).  

 ETM+ (Enhanced Thematic Mapper Plus): Located on the polar satellite Landsat7. It 

has one band in the TIR region with a spatial resolution of 60 m, and 6 bands in the 

VNIR region with a spatial resolution of 30 m.  It also has a panchromatic band with a 

spatial resolution of 15 m. Unfortunately, since 2003, a mechanical component of this 

sensor (the Scan Line Corrector) shows noticeable malfunction, resulting in significant 

degradation of the image quality. 

 TIMS (Thermal Infrared Multispectral Scanner): airborne sensor with 6 bands in the 

TIR region. The spatial resolution is variable (depending on the flight altitude) and is 

usually a few meters. 

 MIVIS (Multispectral Infrared and Visible Imaging Spectrometer): Airborne sensor 

with 102 bands: 92 in the VNIR region and 19 in the TIR region. The spatial 

resolution is variable (depending on the flight altitude) and is usually a few meters. 

The main limiting factor of remotely sensed data is the spatial resolution (pixel size). 

Airborne sensors acquire images at high spatial resolution, nevertheless their employment is 

limited by cost and organization of airborne campaigns. 

In this work images of ASTER and MODIS satellite sensors have been used. Both sensors 

have many advantages as the low cost of images and the availability of data in near real time. 

The images acquired by these two sensors have been used to test and validate the Sharpening 

Water Thermal Imagery (SWTI) algorithm (Teggi, 2010; Teggi, 2012) described in section 

2.1 but also to develop methodologies for the analysis and the study of Sea Surface 

Temperature (SST). 

ASTER is the satellite sensor that has the highest spatial resolution in the TIR region. It has 

also several advantages as:  

 the radiometric measurements in the TIR region are of good quality; 

 it is a sensor for which there is a lot of technical and scientific literature, and various 

algorithms for the processing and the interpretation of the images; 

 it is possible to take images already partially pre-processed (atmospheric corrections, 

conversion to soil temperature, georeferencing); 
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 it is a low cost sensor (archive images cost a hundred EU, while new acquisitions 

slightly exceed the thousand EU); 

 it has a good revisit time (16 days). 

Images acquired by ASTER sensor have been used for the study of coastal areas and of 

watercourses. The use of ASTER images does not allow detailed mapping of coastal areas and 

waterbodies since the spatial resolution is still too low.  

For this reason the Sharpening Water Thermal Imagery (SWTI) algorithm for the 

improvement of spatial resolution (Teggi, 2010; Teggi, 2012) has been applied to ASTER 

images. The SWTI algorithm uses information drawn from the ASTER VNIR bands to 

improve the spatial resolution of ASTER thermal imagery from 90 to 30 m. In this way we 

want to validate SWTI algorithm but also to define a procedure for the analysis of temperature 

maps of coastal waterbodies and watercourses for water quality assessment and for regulatory 

purposes. In particular, the work is focused on the monitoring of industrial discharges to 

ensure compliance with the limits imposed by Italian law (Gazzetta Ufficiale 2006).  

The MODIS sensor was specifically designed to monitor ocean chlorophyll and sea surface 

temperature. The images are available multiple times per day at any location and are 

distributed free of charge. These attributes make MODIS a useful tool for monitoring large 

water surfaces, but unfortunately MODIS has limited applicability to near-shore and coastal 

environments due to its inadequate spatial resolution. The MODIS spatial resolution of 1 km 

in the TIR means that pixels closer than 1 km from the shoreline are mixed, i.e. formed from 

both water and land, and must be discarded from the SST map  

Therefore the SWTI algorithm has been applied also to MODIS images in order to extend the 

SST maps  up to a minimum distance from the shore of 250 m. The main focus of the use of 

MODIS image is the validation of the SWTI algorithm. The principal differences between the 

first application of SWTI to ASTER images and the application of SWTI to MODIS images  

regard:  

a) pixel size and high/low resolution ratio:  

In the first study TIR images had a spatial resolution of 90 m and SWTI was used to 

sharpen the thermal maps to a spatial resolution of 30 m, that is, the spatial resolution 

was improved by a scale factor × 3. In this study the TIR images (MODIS), with a 1 

km spatial resolution, are sharpened to 250 m, that is, with a spatial resolution scale 
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factor × 4. Therefore, this new application represents a first test of the applicability of 

SWTI at different spatial resolution scale factors.  

b) validation methodologies: 

The validation is based on two ASTER images acquired simultaneously to the MODIS 

images and covering the same areas. The temperatures of coastal waters computed by 

SWTI are compared to ASTER SST upscaled to 250 m. This analysis provides an 

assessment of the deviations introduced by SWTI separated from the pre-existing 

differences between ASTER SST and MODIS SST. Moreover, the SWTI outputs were 

also compared with the temperature maps obtained by simple resampling of the 

MODIS image  

c) assessment of sharpening efficiency along coastlines. 

The efficiency of SWTI along coastlines is evaluated on the basis of the number of pixels 

at higher resolution added to the water thermal maps near coastlines. 

2.1 SWTI ALGORITHM 

In this Section the Sharpening Water Thermal Imagery algorithm (SWTI) is briefly described. 

The full description of the algorithm can be found in Teggi (2012) and Teggi et al.(2011). 

The SWTI method is a variant of the TsHARP (Sharpening Thermal Imagery) (Agam et al., 

2007; Agam et al., 2008; Agam, Kustas et al., 2007; Anderson et al., 2004) and of the DisTrad 

(Disaggregation procedure for radiometric surface Temperature) (Kustas, et al., 2003) 

techniques. Unlike its predecessors, SWTI is devoted to sharpening of water surface 

temperature maps along coastlines and watercourses, where the presence of mixed (water–

soil) pixels (hereafter called Boundary Pixels, BP) is a very problematic issue. SWTI assumes 

that the radiance emitted by the pixels in the TIR bands Lr is related to a variable, zv, which 

describes the presence of land vegetation, with fractional non-vegetated land cover (fs) and 

fractional water cover (fw): 

                              (2.1) 

where zv is set to 0 if the fractional vegetation land cover (fv) is 0.  
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In the first study (ASTER images), zv is set equal to Normalized Difference Vegetation Index 

(NDVI)
1
 (Rouse et al, 1974). In the MODIS application  the Perpendicular Vegetation Index 

(PVI)
2
 (Richardson &Wiegand,1977) is used, i.e. zv = PVI.  

Unlike TsHARP and DisTrad, SWTI estimates the ai coefficients for each pixel considered 

using a local least-square regression (LLSR). Eq. (2.1) can be rewritten using surface 

temperature in place of surface radiance as independent variable, therefore SWTI can also be 

used to directly disaggregate surface temperature as achieved, for example, in TsHARP. This 

option could be useful for operational use of SWTI. A brief summary of the main steps of 

SWTI is reported below: 

Step 1: The BPs of the image are identified at coarse spatial resolution (subscriptc) (Figure 2.1 

(a)). For each one, the coefficients of Eq. (2.1) are computed using a LLSR on values of Lc, 

fw,c, fs,c and zv,c extracted from the neighboring (U) of the BP. The reliability of the ai 

coefficients is checked using an ANOVA (analysis of variance) test for significance (ATS) 

(Montgomery & Runger, 2006) of the LLSR, which also comprises a normality test of the 

residuals (Teggi, 2012). If the ATS is not passed the BP is not processed.  

Step 2: For all the BPs that passed the ATS, the surface radiances Lf, at fine spatial resolution 

(subscriptf) of their pure water sub-pixels (fw,f = 1, fs,f = zv,f = 0), hereafter called SBPs, is 

obtained, according to Eq. (2.1) (see sub-pixels of BPs R1C3, R2C2 and R3C2 in Figure 

2.1(b)).  

                                                 
1
The Normalized Difference Vegetation Index ( NDVI) is the most widely used vegetation index. It is based on 

the normalized difference between reflectance value ρ in the near infrared  ( 0.75-1.1 µm) and red (0.58-0.75 

μm): 

      
          

          

 

 

NDVI values range from +1.0 to -1.0. Negative value of NDVI correspond to water areas. Areas of barren rock, 

sand, or snow usually show very low NDVI values (for example, 0.1 or less). Sparse vegetation such as shrubs 

and grasslands or senescing crops may result in moderate NDVI values (approximately 0.2 to 0.5). High NDVI 

values (approximately 0.6 to 0.9) correspond to dense vegetation such as that found in temperate and tropical 

forests or crops at their peak growth stage. 

 
2
 The Perpendicular Vegetation Index (PVI) represent the perpendicular distance from the pixels to the soil line 

(Brivio et al, 2010) in VNIR spectral regions: 

     
             

√    
 

Where  a and b are the slope of soil line and intercept of soil line. This index is equal to zero on soil line and 

linearly increase moving perpendicular to soil line up to the value of 1 in the top left corner of the spectral space. 
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Figure 2.1: Scheme of SWTI steps.  

Note: (a) Steps 1–2. (b) Steps 2–5. Soil and water are colored in gray and white respectively. c and f 

indicate coarse and fine spatial resolutions. X indicates the set {fw,fs,z}. Black circles indicate value 

replaced by FOPS. Rn and Cn indicate row–column coordinates of coarse pixels (Teggi et al, 2014) 

 

Step 3: The surface radiance value at coarse spatial resolution, Lc, of non-BP pixels fully 

covered by water (fw,c = 1, e.g. pixels R2C3 and R3C3 in Figure 2.1(b)) is assigned to the 

corresponding sub-pixels.  

Step 4: The values of each pure water sub-pixel obtained in steps 2 and 3 and completely 

surrounded by pure water sub-pixels (marked with a black circle in Figure 2.1(b)) are replaced 

with a new value computed by least square first order polynomial filtering using a 3 × 3 sub-

pixels moving box. This operation carried out to make the spatial patterns of the thermal map 

more realistic and is based on the consideration that strong spatial discontinuities are unlikely 

over water surfaces. This assumption was also adopted, among others, by Sentlinger, Hook, 
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and Laval (2008) for temperature sharpening of lakes, nevertheless, it is not well proven and 

should be further investigated. 

Step 5: The surface radiance of the SBPs computed above is transformed into SST using the 

inverse of the well known Planck's function and the emissivity values for sea water (Masuda, 

et al., 1988). 

Steps 3, 4 and 5 can also be conducted without the previous steps 1 and 2. In this case, the 

thermal map enhancement consists of a simple first order polynomial smoothing (FOPS) of 

the radiance of pure water pixels after nearest neighbor resampling. This variant of the 

algorithm, called FOPS, is used to evaluate the SWTI performance in the case of MODIS 

images. 

Regarding ASTER images, temperature maps of studied areas obtained with SWTI algorithm 

are compared  with those obtained by simple bilinear interpolation (BINT method) applied 

only to pure water pixels of the original ASTER TIR images. Both maps have final spatial 

resolution of 30 m and were obtained using ASTER band 14. 

2.2 ASTER AND MODIS SENSORS 

Below a brief overview of the sensors used for this study: MODIS and ASTER. For a 

complete understanding of the two sensors, we present also the characteristics of  Terra and 

Aqua satellites on which they are located.  

2.2.1 EOS – EARTH OBSERVING SYSTEM  

EOS (Earth Observing System) project is an interdisciplinary scientific research program 

established in 1991 by NASA. EOS is a coordinated series of polar-orbiting and low 

inclination satellites for long-term global observations of the land surface, biosphere, solid 

Earth, atmosphere, and oceans. As a major component of the Earth Science Division of 

NASA’s Science Mission Directorate, EOS enables an improved understanding of the Earth 

as an integrated system. The EOS Project Science Office (EOSPSO) is committed to bringing 

program information and resources to the Earth science research community and the general 

public alike. Several satellites form this system, but for the purposes of this work is reported 

in only a short description of the Terra and Aqua satellites(Figure 2.2). 
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Figure 2.2: EOS satellites. Image by Jenny Mottar, NASA Headquarters (Added: July 1, 2013) 

 

2.2.1.1 TERRA SATELLITE 

Terra satellite, usually known as EOS-AM-1, is been the first satellite of the EOS project. The 

launch was held successfully December 18, 1999, at the Vanderberg Air Force base in 

Lompoc (California). Terra has these main objectives : 

 Provide the first, consistent global “snapshot” of numerous important Earth surface 

and atmospheric characteristics; 

 Improve the ability to detect the human impacts on climate by identifying indicators, 

or “fingerprints,” of human activity that can be used to distinguish them from natural 

variability; 

 Provide measurements of the effects of clouds, aerosols, and greenhouse gases on the 

Earth’s total energy balance; 

 Provide estimates of global terrestrial and marine productivity that will enable more 

accurate calculations of global carbon storage, exchange with the atmosphere, and 

year-to-year variability; 

 Provide observations that will improve predictions of climate and of weather at 

seasonal and inter-annual time scales; 
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 Contribute to improved methods of disaster prediction, characterization, and risk 

reduction from wild fires, volcanoes, floods, and droughts. 

Terra satellite is characterized by a polar and sun-synchronous orbit (nearly circular). It has a 

distance of 705 km from the Earth's surface, it circumnavigate the globe 16 times a day from 

the north pole to the south pole, and it has a time of revolution of 98.9 minutes with an 

inclination of 98.2 degrees, crossing the equator at 10: 30 (local time). 

The Terra satellite (Figure 2.3) carries five instruments that measure the solar radiance 

reflected by the Earth's surface and the energy that it emits.  

 

Figure 2.3: Terra satellite 

 

Sensors located on Terra satellite are: 

 ASTER, Section 2.2.1.2. 

 CERES, (Clouds and Earth Radiant Energy System) measures the Earth's total 

radiation budget and provide cloud property estimates that enable scientists to assess 

clouds' roles in radiative fluxes from the surface to the top of the atmosphere. 

 MODIS, Section 2.2.1.3. 
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 MOPIT, (Measurements of Pollution in the Troposphere), is a radiometer focused on 

the distribution, transport, sources, and sinks of carbon monoxide in the troposphere. 

Carbon monoxide, which is expelled from factories, cars, and forest fires, hinders the 

atmosphere's natural ability to rid itself of harmful pollutants.  

 MISR, (Multi-Angle Imaging Spectroradiometer) is a new type of instrument 

designed to acquire the amount of sunlight that is scattered in different directions 

under natural conditions. It views the Earth with cameras pointed at nine different 

angles. 

Data from these instruments are used to generate products related to various aspects of the 

Earth system. Each sensor has specific expertise in the study of a particular aspect but, as can 

be seen from Table 2.1, any measured phenomenon can be studied by combining data 

acquired by different instruments. 

 

COMPONENTS MEASURE  USED SENSORS 

Atmosphere 

Cloud properties MODIS, MISR, ASTER 

Energy fluxes CERES, MODIS, MISR 

Chemistry of the Troposphere MOPITT 

Properties of Aerosols MISR, MODIS 

Atmospheric temperature MODIS 

Atmospheric humidity MODIS 

Soil 

Land cover and land-use changes  MODIS, MISR, ASTER 

Vegetation dynamics  MODIS, MISR, ASTER 

Surface temperatures  MODIS, ASTER 

Fires MODIS, ASTER 

Volcanic phenomena MODIS, MISR, ASTER 

Sea 
Surface temperature MODIS 

Phytoplankton and dissolved organic matter MODIS, ASTER 

Cryosphere 

Changes of ice on the ground  ASTER 

Sea ice MODIS, ASTER 

Coverage and thickness of the snowpack MODIS, ASTER 

Table 2.1: Terra satellite features 

 

2.2.1.1 AQUA SATELLITE 

Aqua satellite, known as EOS PM-1 (Figure 2.4), is the second major component of the Earth 

Observing System (EOS) and it was launched from Vandenberg Air Force Base on May 4, 

2002. Aqua carries this name because it was designed and built to provide long-term and 

continuous recordings of the hydrological cycle of the earth. The mission is playing a key role 

in the study of changes in the Earth system on a global scale, being able to provide data on 

atmospheric temperature, humidity profiles, clouds, precipitation, snow, ice, sea surface 

temperatures, biological productivity of oceans and soil moisture. 
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Figure 2.4: Aqua satellite 

 

Similarly to Terra satellite, Aqua has a nearly circular, nearly polar and sun-synchronous 

orbit. It crosses the equator at 13:30 local, with an inclination of about 98 degrees. It is 

approximately 705 km from the Earth and has a devolution time of 99 minutes. 

Aqua satellite collects six different tools to measure and monitor the hydrological cycle of the 

earth: 

 AMSR-E, (Advanced Microwave Scanning Radiometer – EOS), measures cloud 

properties, sea surface temperature, near-surface wind speed, radiative energy flux, 

surface water, ice and snow. 

 CERES. (Clouds and Earth Radiant Energy System) measures the Earth's total 

radiation budget and provide cloud property estimates that enable scientists to assess 

clouds' roles in radiative fluxes from the surface to the top of the atmosphere. 

 MODIS, Section 2.2.1.3. 

 AMSU, (Advanced Microwave Sounding Unit) is made by two separate sensors: 

AMSU-A1 and AMSU-A2, that provide measures in order to retrieve temperature 

profiles of the Earth surface. 

 AIRS, (Atmospheric Infrared Sounder) measures atmospheric temperature and 

humidity, land and sea surface temperatures. 

 HSB, (Humidity Sounder for Brazil) measures atmospheric humidity. 
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Aqua measures are synthesized in Table 2.2. 

COMPONENTS MEASURE  USED SENSORS 

Atmosphere 

Aerosol properties MODIS, CERES 

Atmospheric humidity  
AIRS, AMSR-E, AMSU, 

HSB, MODIS 

Atmospheric temperature AIRS, AMSU, MODIS 

Cloud properties MODIS, CERES 

Greenhouse gases AIRS 

Precipitation AIRS, AMSR-E, HSB 

Energy fluxes 
AIRS, AMSR-E, CERES, 

MODIS 

Cryosphere 
Sea ice AMSR-E, MODIS 

Coverage and thickness of the snowpack AMSR-E, MODIS 

Soil 

Fires MODIS 

Land cover and land-use changes MODIS 

Surface temperature  AIRS, AMSR-E, MODIS 

Surface humidity AMSR-E 

Volcanic phenomena MODIS 

Sea 

Sea color MODIS 

Phytoplankton and dissolved organic matter MODIS 

Sea Surface Temperature AIRS, AMSR-E, MODIS 

Wind speed  on the sea surface AMSR-E 

Table 2.2: Aqua satellite features 

 

2.2.1.2 ASTER SENSOR 

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (Abrams, et al, 

2002) covers a large spectral region with 14 spectral bands ranging from the Visible to the 

Thermal Infrared. Spatial resolution varies with wavelength: 15 m in the VNIR region, 30 m 

in the SWIR region and 90 m in the TIR region. ASTER is the only high spatial resolution 

instrument on the Terra platform. ASTER's ability to serve as a “zoom” lens for the other 

Terra instruments is particularly important for change detection, calibration/validation and 

land surface studies. Unlike the other instruments aboard Terra, ASTER will not collect data 

continuously; rather, it collects an average of 8 minutes of data per orbit. All three ASTER 

telescopes (VNIR, SWIR, and TIR) are pointable in the crosstrack direction. Given its high 

resolution and its ability to change viewing angles, ASTER produces stereoscopic images and 

detailed terrain height models. 
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Figure 2.5: ASTER sensor 

 

SUBSYSTEM BAND NR. SPECTRAL RANGE (ΜM) SPATIAL RESOLUTION (M) 
QUANTIZATION 

LEVELS 

VNIR 

1 0.52-0.60 

15 8 BIT 
2 0.63-0.69 

3N 0.78-0.86 

3B 0.78-0.86 

SWIR 

4 1.60-1.70 

30 8 bit 

5 2.145-2.185 

6 2.185-2.225 

7 2.235-2.285 

8 2.295-2.365 

9 2.360-2.430 

TIR 

10 8.125-8.475 

90 12 bit 

11 8.475-8.825 

12 8.925-9.275 

13 10.25-10.95 

14 10.95-11.65 

Table 2.3: ASTER sensor features 
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ASTER can acquire about 650 scenes per day (with a size of 60 km x 60 km) that are 

processed at level 1A
3
, of these, approximately 150 are processed at level 1B

4
. All 1A and 1B 

scenes are transferred to the EOSDIS archive at the EROS Data Center (EDC) for the purpose 

of storage, distribution and processing of data at a higher level. All ASTER data are stored in 

a specific application called HDF-EOS. Table 2.3 presents ASTER bands and features.  

2.2.1.3 MODIS SENSOR 

The MODerate-resolution Imaging Spectroradiometer (Savtchenko et al., 2004) is a 36-band 

spectroradiometer that measures the radiation in the visible and the infrared region, from 

which from many products are derived, including the sea water temperature, the content of 

chlorophyll, yellow substance and solid substance suspended. 

MODIS bands cover a wavelength range from 0.4 µm to 14.5 µm; 21 bands Cover the range 

0.4 - 3.0 µm, while the other 15 bands are between 3 and 14.5 µm. Spatial resolution is 250 m 

for band number 1 and 2, 500 m for bands 3-7 and 1000 m for bands 8- 36.  

 

 

Figure 2.6: MODIS satellite sensor, NASA laboratory 

 

Table 2.4 shows the MODIS bands. Each band is associated with the main application use. 

                                                 
3
 The ASTER Level-1A data contains depacketized, demultiplexed, and realigned instrument image data with 

their geometric correction coefficients and radiometric calibration coefficients calculated and appended but not 

applied. An ASTER Level-1A data set contains raw digital numbers (DNs) quantized as 8-bit unsigned integers. 
4
 The ASTER Level-1B Registered Radiance at the Sensor product contains radiometrically calibrated and 

geometrically co-registered data for the acquired channels of the three different telescopes of Level-1A data. The 

Level-1B data set is produced by applying the radiometric calibration and geometric correction coefficients to 

the Level-1A. 
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MAIN APPLICATION BAND NR. SPECTRAL RANGE (ΜM) 
SPATIAL RESOLUTION 

(M) 

Land / Cloud / Aerosol Boundaries 
1 620 – 670 

250 
2 841 – 876 

Land / Cloud / Aerosol Properties 

3 459 – 479 

500 

4 545 – 565 

5 1230 – 1250 

6 1628 – 1652 

7 2105 – 2155 

Ocean Color / Phytoplankton / 

Biogeochemistry 

8 405 – 420 

1000 

9 438 – 448 

10 483 – 493 

11 526 – 536 

12 546 – 556 

13 662 – 672 

14 673 – 683 

15 743 – 753 

16 862 – 877 

Atmospheric Water Vapor 

17 890 – 920 

18 931 – 941 

19 915 – 965 

Surface / Cloud Temperature 

20 3660 – 3840 

21 3929 – 3989 

22 3929 – 3989 

23 4020 – 4080 

Atmospheric Temperature 
24 4433 – 4498 

25 4482 – 4549 

Cirrus Clouds Water Vapor 

26 1360 – 1390 

27 6535 – 6895 

28 7175 – 7475 

Cloud Properties 29 8400 – 8700 

Ozone 30 9580 – 9880 

Surface / Cloud Temperature 
31 10780 – 11280 

32 11770 – 12270 

Cloud Top Altitude 

33 13185 – 13485 

34 13485 – 13785 

35 13785 – 14085 

36 14085 – 14385 

Table 2.4: MODIS sensor features 
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MODIS uses a scan method in which the observation of the surface takes place by strips with 

an angle of ± 55 degrees to the vertical, covering areas of dimensions equal to 2330 Km x 10 

Km, with a speed of 20.3 rpm. This allows to have a complete coverage of the globe every 1-2 

days. The MODIS sensor on board of Terra satellite, passes on Italy approximately at 10:00 

and at 21:00, while on board of Aqua satellite crosses Italy at about 12:00, and at 1:00. 

MODIS represent the most advanced engineering design in the field of remote sensing and 

has an essential role in the development of interactive models and global Earth system. These 

models appear to be very important because they are able to accurately predict climate change 

and improve the formulation of policies relating to the protection of the environment. 

2.3 DATA SET 

MODIS and ASTER images used were acquired simultaneously on the same area. Below the 

description of the acquired images is given.  

2.3.1 ASTER IMAGES 

In this work, two areas of study were considered: the first on the lagoon of Venice and the 

second on the delta of the River Po. Hereafter, these two case studies will be referred to as 

‘Venice’ and ‘Po’, respectively. The two areas are located in the northeast part of Italy, along 

the Adriatic Sea coastline, and centered,  approximately, at the geographic locations (WGS-84 

geographic coordinate system) 44°57’19’’ N, 12°20’05’’ E (Po) and 44°26’16’’ N, 

12°00’00’’E (Venice). The dashed boxes in Figure 2.7 indicate, approximately, their 

geographic position. 

In Figure 2.8, the images acquired by ASTER in the three VNIR bands (spatial resolution 

equal to 15 m) of the studied area are shown. The ASTER image used for the lagoon of 

Venice was acquired on 5 September 2007 at 10:07 GMT. The studied area (Figure 2.8 (a)) 

has an extension of 18,540 m (x direction) per 7200 m (y direction). This area includes a large 

part of the Venice lagoon and in it there are wetlands, islands (including the urbanized island 

of Venice), and the area of Porto Marghera, characterized by wide canals. This latter is an 

area with a high concentration of industry, thus suitable for testing the usefulness of thermal 

imagery for assessing compliance with legal limits. 
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Figure 2.7: Geographic location of the two studied areas (dashed boxes) 

Note: The Venice area (upper) is approximately centered at 44◦26_16_ N, 12◦20_13_ E. The Po area 

(lower) is approximately centered at 44◦57_19_ N, 12◦20_05_ E (WGS-84 geographic coordinate system). 

 

The ASTER image used for the Po area was acquired on 22 August 2008 at 10:10 GMT. The 

studied area (Figure 2.8(b)) has an extension of 44,010 m (x direction) per 17,010 m (y 

direction). This area is characterized by the presence of long stretches of coast, with many 

lagoons and coves, often swampy, and long branches of various watercourses, the widths of 

which are very variable. The main branch of the Po has a width varying from 200 to 600 m, 

while the main branches forming the delta have widths as low as a few tens of meters. 
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Figure 2.8: Images of the studied areas  acquired by ASTER and presented in RGB composition of bands 

3 (0.81 μm), 2 (0.66 μm), and 1(0.56 μm): Venice (a), Po (b). Grid coordinates are in the WGS84-UTM33 

cartographic system. 

Note: White numbered boxes in (a) indicate the location of ground stations 1, 2, 4, and 5. 

 

2.3.2 MODIS IMAGES 

ASTER images used in the first study are only a portion of the original images. MODIS and 

ASTER originals images acquired for the second study are located as shown in Figure 2.9. 

The first image (MODIS-A) was acquired on 22 August 2008 in cloud free sky condition for 

all the coastline stretches considered. The second (MODIS-B) was acquired on 5 September 

2007, in this case most of the western coastline areas (Croatia) were cloudy and therefore not 

elaborated. In Figure 2.10 and Figure 2.11 are shown the original ASTER images (ASTER-A 

(a) 

(b) 
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and ASTER-B) used for the comparison with MODIS images after the application of the 

SWTI algorithm. 

 

 

Figure 2.9: Approximated geographic locations of the MODIS and of the ASTER images 

 

 

Figure 2.10: ASTER-A image presented in RGB composition of bands 3 (0.81 μm), 2 (0.66 μm), and 1(0.56 

μm) 
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Figure 2.11: ASTER-B image presented in RGB composition of bands 3 (0.81 μm), 2 (0.66 μm), and 1(0.56 

μm) 

 

2.4 PRE-PROCESSING 

2.4.1 ASTER IMAGES 

ASTER images are provided in at-sensor radiance Level-1B products (Abrams, et al, 2002), 

and are corrected for atmospheric effects before applying the SWTI algorithm. Atmospheric 

corrections are performed not only on the ASTER TIR bands but also on the ASTER VNIR 

bands because they are very important for the accuracy of fractional covers and of vegetation 

indexes (Kay et al. 2005). The ASTER images in VNIR were corrected using a procedure 

similar to that proposed by Bogliolo et al. (2004), Guanter  et al. (2009), and Richter (1998, 

1997), based on the MODTRAN4 radiative transfer code (Berk et al. 1998) and that takes into 

account adjacency effects.  

In the TIR bands, atmospheric corrections were applied to compute the surface radiance (L). 

Starting with the at-sensor radiance, L was retrieved using the models described by Gillespie 

et al. (1998), Sobrino, et al. (2004), and MODTRAN4. The atmospheric quantities required 

by MODTRAN (aerosol optical depth, temperature and moisture profiles, water vapor 

content) were extracted from the MODIS images products MOD07, MOD04 and MOD05. 
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The cover fractions required by the SWTI algorithm are computed using the ASTER VNIR 

data classified with a maximum likelihood method
5
 (Figure 2.12). 

 The same bands were used to compute NDVI image with  a spatial resolution of 15 m. Then 

cover fractions and NDVI have been downsampled to 30 m and to 90 m in order to apply 

SWTI algorithm. The water brightness temperature was converted to surface temperature 

assuming a water emissivity of 0.99. 

  

 
 

Figure 2.12: Cover fraction computed with a maximum likelihood classification.: fv,30(green), fs,30(red) and 

fw,30(blue). 

 

2.4.2 MODIS IMAGES 

Both MODIS images (A and B, see Figure 2.9) have been provided in at sensor radiance 

value (Level 1-B calibrated radiances). Before applying SWTI algorithm, different pre-

processing are required : in detail, atmospheric corrections, classification and cover fractions 

identifications and vegetation indices calculation. 

 

                                                 
5
 Maximum Likelihood classification (Richards, 1999)) is a supervised classification based on statistics (mean; 

variance/covariance). A Bayesian Probability Function is calculated from the inputs for classes established from 

training sites. Maximum likelihood classification assumes that the statistics for each class in each band are 

normally distributed and calculates the probability that a given pixel belongs to a specific class. Unless a 

probability threshold is selected, all pixels are classified. Each pixel is assigned to the class that has the highest 

probability (that is, the maximum likelihood). If the highest probability is smaller than the specified threshold, 

the pixel remains unclassified.. 
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Atmospheric corrections of MODIS at-the-sensor radiances were conducted using methods 

based on the MODTRAN radiative transfer model (Berk et al., 2003) and described in 

literature (e.g. Bogliolo, et al., 2004; Guanter et al., 2009; Hook et al., 2007; Richter, 1998; 

Song & Zhao, 2007). Atmospheric correction terms were computed on a 25 km × 25 km grid. 

The atmospheric quantities required by MODTRAN (aerosol optical depth, temperature and 

moisture profiles, water vapor content) were extracted from MODIS products MOD07, 

MOD04 and MOD05. 

The MODIS images were co-registered to the corresponding ASTER images following the 

methods described by Liu et al., (2006), Yang et al., (2011) and Rojas et al., (2002) for the 

same couple of sensors. 

The VNIR bands (1 and 2) of the MODIS images were classified with a maximum likelihood 

method to obtain the water, vegetated and non-vegetated cover with a spatial resolution of 250 

m. Then, cover fractions fw,250, fs,250 and fv,250 were set either to 0 or 1 depending on the pixel 

class membership. The same bands were used to calculate the Perpendicular Vegetation Index 

(PVI250) (Huete, 1988) images with the same resolution. Subsequently, cover fractions fw,1000, 

fs,1000, fv,1000 and PVI1000 images at coarse resolution (1 km) were obtained by upscaling the 

corresponding images at fine resolution. 

The Normalized Emissivity Method (NEM) (Gillespie et al., 1998) was used to compute the 

ASTER SST from the atmospherically corrected ASTER TIR radiances. The maximum value 

of the water emissivity spectrum required by NEM was set to 0.99 (Hulley & Hook, 2010). 
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2.5 ASTER IMAGES 

This section reports the first study on the application of the SWTI algorithm to ASTER 

images (Despini and Teggi, 2012). The study allowed us to evaluate the effectiveness of the 

algorithm and develop a repeatable methodology for the study of the surface temperature of 

the water bodies for regulatory purposes (Gazzetta Ufficiale 2006)
6
. 

 

2.5.1 SWTI AND BINT IMAGES 

After images pre-processing and the cover fraction retrieving, SWTI algorithm and a simple 

bilinear interpolation (BINT) have been applied to ASTER images to improve the spatial 

resolution from 90 m to 30 m. The BINT method has been applied only to pure water pixels 

of original ASTER TIR images. In Figure 2.13 and Figure 2.14 the temperature maps of the 

studied areas obtained with the SWTI algorithm and with the BINT method are shown. Both 

maps have a final spatial resolution of 30 m and were obtained using ASTER band 14.  

                                                 
6
 D.Lsg. 152/2006 – Allegato 5 – Tabella 3 - Valori limiti di emissione in acque superficiali e in fognatura: 

“ Per i corsi d'acqua la variazione massima tra le temperature medie di qualsiasi sezione del corso d'acqua a 

monte e a valle del punto di immissione non deve superare i 3°C. Su almeno la metà di qualsiasi sezione a valle 

tale variazione non deve superare i 1°C. Per i laghi la temperatura dello scarico non deve in nessun caso superare 

i 30°C e l'incremento di temperatura del corpo del recipiente non deve in nessun caso superare i 3°C oltre i 50 

metri di distanza dal punto di immissione. Per i canali artificiali, il massimo valore medio della temperatura 

dell'acqua di qualsiasi sezione non deve superare i 35°C, la condizione suddetta è subordinata all'assenso del 

soggetto che gestisce il canale. Per il mare e per le zone di foce dei corsi d'acqua non significativi, la temperatura 

dello scarico non deve superare i 35°C e l'incremento di temperatura del corpo recipiente non deve in nessun 

caso superare i 3°C oltre i 1000 metri di distanza dal punto di immissione. Deve inoltre essere assicurata la 

compatibilità ambientale dello scarico con il corpo recipiente ed evitata la formazione di barriere termiche alla 

foce dei fiumi.” 

D.Lsg. 152/2006 – Appendix 5 – Table 3 - Emission limit values in surface water and in sewerage systems: 

“For watercourses, the maximum variation between the average temperatures of any section of the river 

upstream and downstream of the point of entry shall not exceed 3°C. On at least half of any downstream section 

such variation should not exceed 1°C. For lakes, the discharge temperature shall not exceed 30°C and the 

temperature rise of the receiving body shall in no case exceed 3°C over 50 meters away from the discharge point. 

For artificial channels , the maximum average value of the water temperature of any section must not exceed 

35°C, this condition is subject to the approval of the entity that manages the channel . For sea and watercourses 

mouth not significant , the discharge temperature should not exceed 35°C and the increase in temperature of the 

receiving body shall in no case exceed 3°C, 1000 meters away from the point of entry . It must also be ensured 

environmental compatibility of the discharge with the receiving body and it must be prevented the formation of 

thermal barriers at the mouths of rivers.” 
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Figure 2.13: Venice temperature maps obtained using the SWTI (a) and the BINT (b) methods. (E) canals 

flowing in the Porto Marghera industrial area (width 90–300 m); (F) Canal Grande (island of Venice, 

width 40–50 m) 

 

2.5.2 METHODOLOGY 

ASTER images were used in particular to define a procedure for the analysis of  temperature 

maps of coastal waterbodies and watercourses for water quality assessment. This 

methodology is applicable to general data sets of ASTER images acquired on coastal areas 

and watercourses. Moreover, the advantages furnished by spatial improvement obtained with 

SWTI are also inspected. The procedure studied can be described as a process tree consisting 

of segmentation, classification, and extraction sub-processes, and can be easily repeated for 

other case studies. The steps of the procedure were developed using an object-oriented 

approach and using the software, Definiens Developer 7.0 (Definiens Inc., Parsippany, NJ, 

USA) (Definiens AG 2008). Figure 2.15 shows the flowchart of the procedure. The input data 

set of the procedure consists of two images with the same spatial resolution and co-registered: 

the image of fractional cover of water (fw) and the image of surface temperature (T). 

(a) 

(b) 
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Figure 2.14: Po temperature maps obtained using the SWTI (a) and the BINT (b) methods. (A) Po di Goro 

(width 60–140 m); (B) Po di Gnocca (width 60–170 m); (C) Po delle Tolle (width 100–220 m); (D) Po di 

Levante (width 50–70 m). 

 

Here below the main steps of the procedures are listed (Despini et al., 2012). 

Step 1: Polygons containing water surface. The individuation of such polygons is done using 

multiresolution segmentation (Definiens AG 2008) of the fw image. This segmentation is 

performed to split the images into large objects that allow us to individuate areas containing 

waterbodies for further elaborations and to discard the others. In this case, the segmentation is 

done giving more importance to spectral information at the expense of geometric information 

(scale, shape, and compactness; Definiens AG 2008). 

Step 2: Polygons mostly covered by water. This step is aimed at individuating the polygons of 

Step 1 mostly covered by water. Indeed, Step 1 identifies polygons that also contain not-pure 

water pixels. The polygons with a large number of these pixels are discarded by imposing a 

threshold to the fw value of the polygon (e.g. f w > 0.7). This elaboration is done using a binary 

classification algorithm (Water and Not Water classes). 

(a) 

(b) 
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Figure 2.15: Flowchart of the developed methodology. 

Note: The two first steps are common, then there is a distinction between coastlines and watercourses. 

Step 3a: Coastline, identification of thermal patterns. The identification of thermal patterns in 

the image is made using a different multiresolution segmentation. This segmentation is 

performed by taking into account only the temperature values of the polygons classified as 

Water in Step 2. A maximum value is assigned to the spectral information and a null value is 

assigned to the geometric information. In this way, we want to create objects homogeneous in 

temperature that enable the identification of critical situations, such as industrial discharges. 

Step 3b: Coastline, classification and vectorization of thermal patterns. The Water polygons 

obtained in Step 3a are divided into sub-classes depending on their mean temperature. Each 

class is described by a membership function (Definiens AG 2007) defined on the basis of the 

average temperature of the polygons. The membership functions used are trapezoidal curves, 

the core temperature is used for class naming. The result is a vector file that describes the 

temperature field of the waterbodies (T*).  

Step 3c: Coastline, statistics. Using statistical procedures implemented in Definiens, various 

statistical information about the temperature field can be retrieved. In particular, we 

considered mean, maximum, minimum, and standard deviation. These statistics are very 
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useful to identify thermal anomalies due to human activities and to verify compliance with 

legal limits (Gazzetta Ufficiale 2006). 

Step 4a: Coastline, identification of the water segments (SD) at fixed distance (D) from the 

coastline. These water segments are identified into two sub-steps: identification of the water 

pixel at distance D from the coastline (PD image) and identification of the segment, SD using a 

multiresolution segmentation of the PD image. The PD pixels are identified considering two 

square boxes centered on the inspected pixel (Pi,j) and using the algorithm: 

    ∑ ∑       

        

        

        

        

            ∑ ∑       

          

          

          

          

 

if (F1 = ND) and (F2 ≠ ND+1) then Pi0,j0 is a PD pixel,     (2.2) 

where i0 and j0 are the raw-column coordinates of the inspected pixel, DP is the distance D in 

pixels, ND = (2DP +1)
2
, ND+1 = (2(DP + 1) + 1)

2
, and fw,i,j is the fractional water cover. Figure 

2.20 shows a particular application of this algorithm. The PD image is inserted as an input in 

the Definiens software. With this new layer, it is possible to apply a multiresolution 

segmentation and classification that defines a set of segments SD at distance D from the 

coastline. The PD image is considered in the segmentation algorithm, by giving maximum 

value to the spectral information.  

Step 4b: Coastline, SD water temperature extraction. The results of this step consist of the 

extraction of several temperature profiles along lines at the fixed distance D from the 

coastline. This allows, for example, the identification of thermal anomalies associated with 

industrial discharge. The SD segments are first subdivided into subsegments of fixed length ls 

and then the mean temperature of the pixels forming each SD sub-segment are extracted. The 

SD sub-division is done using the chessboard segmentation algorithm. 

Step 5a: Watercourses, branches. A second-level multiresolution segmentation is done using 

the image of surface temperature (T). Spatial and spectral information are equally weighted. 

The spatial information allows the identification of the shape of the watercourse, whereas the 

spectral information permits us to create objects homogeneous in temperature. This 

segmentation allows us to divide the watercourse into smaller polygons that represent 

watercourse branches. In this way, every branch can be studied and analyzed separately. 
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Step 5b: Watercourses, cross sections. The branches of previous steps have to be sub-divided 

into cross sections, and this is done using another multiresolution segmentation process. The 

individuation of these cross sections is obtained using two synthetic images. These images 

consist of horizontal and vertical ramps with the same spatial resolution and the same size as 

the T image (see Figure 2.16 and Figure 2.17). Each pixel of the horizontal ramp image has a 

value equal to its line number. Each pixel of the vertical ramp image has a value equal to its 

column number. The use of the first or the second image depends on the orientation of the 

inspected watercourse within the image. If the watercourse flows almost horizontally then the 

vertical ramp is used (Figure 2.16), if the river flows almost vertically then the horizontal 

ramp is used (Figure 2.17). 

 

Figure 2.16: Synthetic image that consist in a vertical ramp. This image is used if watercourse flows 

almost horizontally 

 

 

Figure 2.17: Synthetic image that consist in a horizontal ramp. This image is used if watercourse flows 

almost vertically 
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The multiresolution segmentation of the river branch of interest is performed considering only 

the synthetic images and giving the maximum weight to the spectral information. In this way, 

we obtain rectangular sections with a width, in the water flowing direction, of one pixel, 

representing the cross sections of the watercourse. The same procedure can be used for a 

general direction (e.g. the real axis of the watercourse) rather than horizontal or vertical 

directions. Despite this, we verified that the horizontal and the vertical geometries describe in 

an acceptable way most of the watercourses considered. 

Step 5c: Watercourses, cross-sectional classification and vectorization. The rectangular 

polygons obtained in Step 4b (cross sections) are divided into temperature classes in the same 

way as Step 3b. The result is a vectorized field of temperature of the watercourse branch 

analyzed. The procedure can be repeated for all of the watercourse branches of interest. 

Step 5d: Watercourses, profile extraction and statistics. The temperature profile along the 

axis of the branch studied is extracted through statistical procedures implemented in the 

Definiens software. In addition, statistical parameters of cross sections can be easily obtained. 

These parameters allow one to verify compliance with legal limits. In this case also, these 

statistics are very useful to identify thermal anomalies due to human activities and to extract 

parameters required to verify compliance with legal limits (Gazzetta Ufficiale 2006). 

Step 6: SWTI–BINT comparison To enrich the SWTI–BINT comparisons, the pure water 

pixels for which temperature is computed only by SWTI are marked with a specific code for 

further statistics. 

 

2.5.3 RESULTS 

Results are reported separating between the study of coastlines and of watercourses.  

2.5.3.1 COASTLINES 

The study of coastlines allows us to have a global view of the waterbody and to verify the 

presence or absence of thermal anomalies and subsequently of thermal pollution. After having 

identified the areas with the highest temperatures, they can be studied in detail, for example 

by field measurements. The Steps from 1 to 3c of the methodology were applied to both 

images, and the vector field of temperature (T*) obtained is presented in Figure 2.18 (Venice 

Lagoon) and in Figure 2.19 (Po River Delta).  
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Figure 2.18: Venice temperature vector fields obtained using the SWTI (a) and the BINT (b) methods. 

Note: The blue colour shows the contour lines of the polygons identified, whereas the white colour 

represents the fraction of water found in the SWTI image but not in the BINT image. 

 

Figure 2.18 and Figure 2.19 present the water polygons obtained from SWTI and BINT 

temperature images and classified in temperature. Within the BINT image, white colour 

highlights the polygons classified as Water Added. This class contains the objects that would 

be classified as Not Water in the BINT image, whereas are classified as Water in the SWTI 

images. This area is representative of the effectiveness of the SWTI algorithm in the 

improvement of the spatial resolution. In Table 2.5,the total area of water polygons obtained 

using the SWTI and the BINT images and the total area of the Water Added class (difference) 

are reported. The area of the class Water Added has values close to 9 km
2
 for the Lagoon of 

Venice, and about 25 km
2

 for the Po River Delta. These areas are significant, representing 

about 10% of the total water area in the images. 

 

(a) 

(b) 
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Figure 2.19: Po temperature vector fields obtained using the SWTI (a) and the BINT (b) methods. 

Note: The blue colour shows the contour lines of the polygons identified, whereas the white color 

represents the fraction of water found in the SWTI image but not in the BINT image. 
 

  
AREA OF WATER POLYGONS(KM2) 

CASE STUDY TOTAL AREA (KM2) SWTI BINT DIFFERENCE* 

Venice 136.13 78.58 69.63 +9.05 

Po 748.61 229.43 205.37 +24.06 

Table 2.5: Area of the polygon cover by water individuated in the temperature images computed using the SWTI 

and the BINT methods. 

Note. *SWTI area minus BINT area. 

To study waterbodies near the coastlines, the methodology described in steps 4a to 4f was 

used. Here, we show the results obtained using the SWTI thermal image near Porto Marghera 

(Venice case). The distance from the coastline was set to D = 50 m, as indicated by Italian 

law for lakes (here the Venice lagoon is considered as a lake), and the segment S50 was 

(a) 

(b) 
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subdivided into sub-segments of length ls = 30 m. The result is visible in Figure 2.20. A 

limited number of sub-segments next to the Porto Marghera area are studied. 

 

Figure 2.20: Venice Lagoon: line 50 m away from the coast. 

 

Figure 2.21 shows the temperature profile extracted for the sub-segments of interest. This plot 

shows a significant increase of water temperature (up to 2.5°C) for distances from 3200 and 

5400 m, in correspondence to the canals flowing from the industrial area of Porto Marghera. 

This kind of analysis can be applied both to individuate industrial discharge and to verify 

compliance with legal limits. Regarding industrial discharge into lakes, for example, Italian 

law sets a threshold value of a temperature increase of 3°C. The temperature increase should 

be computed as the difference between the temperature value of the water that is 50 m from 

the discharge point and the temperature value of the water undisturbed. In the example shown 

in Figure 2.20 and Figure 2.21, the temperature of the sub-segments from 0 to 3200 m and 

after 5400 m can be used to define the ‘undisturbed temperature’ and the sub-segments from 
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3400 to 5400 m can be used to define the temperature increase. For this analysis the 

difference between water skin temperature and bulk temperature (Table 2-Section 2.5.3.1) is 

not important since only temperature increase is of concern. 

 

Figure 2.21: Temperature profile along the line 50 m from the coast. 

 

2.5.3.2 WATERCOURSES 

Rivers and canals were studied for both images according to Italian law (Gazzetta Ufficiale 

2006). Following the developed methodology, we first identified river stretches of interest and 

then divided them into cross-sections with a width of one pixel. The temperature vector field 

of the two branches of interest is presented in Figure 2.22. Upper, there is a stretch of canal in 

Porto Marghera, an area with high thermal pollution, and lower, there is a section of the main 

branch of the Po River. Italian law does not provide a limit to the temperature in industrial 

discharge for watercourses, but requires measurement of the temperature difference before 

and after the discharge point and the temperature changes within each cross section. These 

criteria were verified by calculating the temperature profile and statistical parameters. The 

temperature profile along the axis of the analyzed river branch was extracted from the image 

using the vector polygons. The profiles of the two studied cases are presented together in 

Figure 2.23. Each cross section has a width of one pixel, which is 30 m. Subsequently, a few 

parameters were extracted, such as maximum, minimum, and standard deviation. This last 

parameter allows us to verify compliance with the legal limit within the sections. The 

difference between maximum and minimum allows us to verify the temperature variations. 
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Figure 2.22: Identification of the cross sections in a channel of Porto Marghera (a) and a stretch of the 

main branch of the river Po (b). 

Note: The contour lines of the cross sections are shown in blue. Both traits are classified in temperature. 

 

2.5.3.1 VALIDATION DATA 

In general, the best method for validation of results obtained by models is comparison with 

directly measured values. In the studied cases, many aspects make this methodology very 

difficult. Satellite sensors provide the radiometric temperature of the water surface (skin 

temperature). This temperature is representative of a very thin surface layer of the waterbody 

(top 100 μm), while ground measurements are usually undertaken using immersion 

thermometers, which provide bulk water temperature. Comparison of these data is very 

problematic. For example, Hook et al. (2003) undertook extensive work in monitoring the 

response of water surface temperature to external forcing such as wind, air temperature, and 

irradiance, and its correlation with bulk temperatures. Their results indicate that the water 

surface temperature is typically 0.5 K cooler than the bulk temperature measured 5 cm below 

the surface. 

(a) 

(b) 
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Figure 2.23:Temperature profile in a channel of Porto Marghera (a) and a stretch of the main branch of 

the River Po (b). 

 

This value varies throughout the day depending on air temperature, wind speed, and solar 

radiation. Moreover, in our case studies, it was very difficult to find in situ ground 

measurements of water temperature. Nevertheless, some data have been collected and used. 

For the Venice case, ground truth data were provided by the Magistrato delle Acque di 

Venezia (MAV, Ministero delle Infrastrutture e dei Trasporti – Venice  Authority, Consorzio 

Venezia Nuova, personal communication). In the Venice Lagoon, there are 10 permanent 

stations for the monitoring of water temperature; unfortunately, only four of these are located 

within the study area. These stations acquire data every half hour. For the same day on which 

the ASTER image was acquired (5 September 2007), we required temperature, immersion 

depth of the thermometer, and the location of the stations.  

The location of MAV stations are labeled in Figure 2.8 as 1, 2, 4, and 5. The distance from the 

coast of these stations, except for the station number 4, is in the range 100−200 m. The station 

(a) 

(b) 
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number 4 is less than one ASTER TIR pixel (90 m) from the coast, thus it is of particular 

interest for SWTI validation. The measured water temperatures have been compared with the 

statistics (mean, maximum, minimum, and standard deviation) of the values extracted from 

the SWTI image on 3 pixel × 3 pixel boxes centered on the pixel nearest to each ground 

station. We used 3 × 3 pixel boxes to take into account georeferentiation uncertainty of the 

ASTER image. These comparisons are summarized in Table 2.6. 

 
TSWTI (°C)    

Station 

ID 
< T > σ T Tmin Tmax TG (°C) T (°C) 

1 21.7 0.1 21.6 21.8 21.2 0.5 

2 20.2 0.1 20.1 20.3 18.7 1.5 

4 21.9 0.2 21.6 22.1 20.9 1.0 

5 24.3 0.4 23.7 24.5 23.1 1.2 

Table 2.6: Comparison between temperature computed by SWTI (TSWTI) and measured at ground station 

(TG). 

Note: TSWTI statistic is computed in 3 × 3 pixels boxes centered on the ground stations, <T>, mean value; 

σT standard deviation; Tmin, Tmax, minimum and maximum values, T =< T > −TG. 

 

The bias between ground measurements and satellite measurements is about 1°C, probably 

due to vertical stratification of the waterbodies and to the ASTER instrument precision. The 

correlation between the two measures is good (r = 0.98, p = 0.99, where r is the correlation 

coefficient), and the bias is similar to those found in other studies, as in Cherkauer et al. 

(2005) and Kay et al. (2005). 

In the Po case, there are some stations for monitoring but no data are available on the same 

day as the ASTER image acquisition. 

2.6 MODIS IMAGES 

The use of MODIS image is devoted to the validation of the SWTI algorithm (Teggi and 

Despini, 2014) 

2.6.1 SWTI APPLICATION 

SWTI was applied to the MODIS images acquired on both the TIR bands (31 and 32) and 

using two different sizes of the neighbor U : 3x3 and 5x5 pixels. Due to the presence of 

clouds, only the north-west sector of MODIS-B image was elaborated. Figure 2.24 shows the 

SST at fine spatial resolution (250 m) obtained using MODIS band 31. 
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Figure 2.24: MODIS temperature maps obtained for Case A and Case B using SWTI (band 31). The two 

red boxes indicate the areas acquired by ASTER and used for validation. 

 

2.6.2 RESULTS 

2.6.2.1 SWTI EFFICIENCY   

The efficiency of SWTI on BPs was analyzed by considering four sets of pixels (D0, …, D3) 

of the SST images extracted according to their minimum distance from the coast D in pixels 

at fine resolution: D0 = 0 (i.e. adjacent to the coast), D1 = 1, D2 = 2, and D3 = 3. An example 

of the locations of these sets of pixels is reported in Figure 2.25. Moreover, these four sets of 

pixels were further split into Seacoast pixels and Lagoon pixels: the first are close to the sea 

coastlines, the seconds are close to the water–land boundary in lagoons or in the Po delta. 

This distinction was possible only for Case A, since Case B is mainly composed by Lagoon 

pixels. 
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Figure 2.25: individuation of sea pixels at different distances from the coastline at 250 m of spatial 

resolution 

 

Table 2.7 reports the total number of pixels (N) and the number of pixels successfully mapped 

by SWTI (NSWTI) for each set and for the two cases studied. To support this assessment, the 

same statistics were computed using the FOPS product (NFOPS). % are pixels added by SWTI 

with respect to FOPS (%).  The results obtained for the two MODIS bands show very little 

difference. In Table 2.7 the results obtained in band 31 are shown. Focusing first on Case A 

and considering all the pixels, i.e. without distinction between Lagoon and Seacoast pixels 

(All in Table 2.7), we can observe that using FOPS, the SST of the pixels adjacent to the coast 

(D0) are obtained only for 13% of cases. Using SWTI the percentage increases to 84% 

(+71%) for U3 and to 83% (+70%) for U5. Considering the set D1, SWTI covers 92% (U3) 

and87%(U5) of the pixels, representing increases of +44% and +39% compared to FOPS.  

These increases are less noticeable considering the set D2: +15% and+13%. Finally, no 

appreciable increases were found for the set D3. The results obtained considering the Seacoast 

subset are very similar to those obtained for the All set. This was expected, since Seacoast 

pixels constitute the majority of the All set. The statistics for the Lagoon subset indicate that 

the use of U3 produces a significant decrease in SWTI efficiency, while U5 provides results 

similar to those obtained with the All and the Seacoast datasets. 
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CASE A - ALL 

U D N NFOPS NSWTI % 

3x3 D0 14729 1947(13%) 12331(84%) 71% 

3x3 D1 11950 5767(48%) 10938(92%) 44% 

3x3 D2 10705 8819(82%) 10358(97%) 15% 

3x3 D3 9907 9903(100%) 9901(100%) 0% 

5x5 D0 14729 1947(13%) 12176(83%) 70% 

5x5 D1 11950 5767(48%) 10405(87%) 39% 

5x5 D2 10705 8819(82%) 10125(95%) 13% 

5x5 D3 9907 9903(100%) 9902(100%) 0% 

CASE A - SEACOASTS 

3x3 D0 10.361 1493(14%) 9072(88%) 74% 

3x3 D1 9160 4569(50%) 8571(94%) 44% 

3x3 D2 8596 7157(83%) 8353(97%) 14% 

3x3 D3 8195 8191(100%) 8191(100%) 0% 

5x5 D0 10.361 1493(14%) 8443(81%) 67% 

5x5 D1 9160 4569(50%) 7908(86%) 36% 

5x5 D2 8596 7157(83%) 8110(94%) 11% 

5x5 D3 8195 8191(100%) 8191(100%) 0% 

CASE A – LAGOONS 

3x3 D0 4368 454(10%) 3259(75%) 65% 

3x3 D1 2790 1198(43%) 2367(85%) 42% 

3x3 D2 2109 1662(79%) 2005(95%) 16% 

3x3 D3 1712 1712(100%) 1712(100%) 0% 

5x5 D0 4368 454(10%) 3733(85%) 75% 

5x5 D1 2790 1198(43%) 2497(89%) 46% 

5x5 D2 2109 1662(79%) 2015(96%) 17% 

5x5 D3 1712 1712(100%) 1712(100%) 0% 

CASE B – ALL 

3x3 D0 4279 368(9%) 2401(56%) 47% 

3x3 D1 2468 1053(43%) 1808(73%) 30% 

3x3 D2 1888 1559(83%) 1759(93%) 10% 

3x3 D3 1596 1592(100%) 1592(100%) 0% 

5x5 D0 4279 368(9%) 3096(72%) 63% 

5x5 D1 2468 1053(43%) 1966(80%) 37% 

5x5 D2 1888 1559(83%) 1761(93%) 10% 

5x5 D3 1596 1592(100%) 1592(100%) 0% 

Table 2.7: SWTI and FOPS efficiency estimated on coastline pixels . The evaluation is shown for the two 

classes Seacoasts and Lagoons and for their union (All). 

 

This difference can be explained considering that the use of a greater number of pixels in the 

LLSR (wider U) increases the probability that the LLSR passes the ATS test. This aspect is 

particularly important for BPs located in areas, such as lagoons, where there is uncertainty 

about surface coverage. As expected, the results obtained for Case B (only the All dataset was 

considered) are similar to those obtained for the Lagoon subset of Case A. In particular, it was 
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observed that U5 provided significantly better results than U3. For example, considering the 

D0 data set, SWTI successfully processed 56% of the pixels (+47% compared to FOPS) using 

U3, and 72% of the pixels (+63% compared to FOPS) using U5. In this case, however, a 

general decrease in SWTI efficiency compared to Case A can be observed. In conclusion, this 

analysis showed that SWTI increased significantly the number of SST pixels near coastlines 

compared to FOPS and that the U5 neighbor produced higher increases than U3 in most of the 

cases. 

2.6.2.2 VALIDATION 

The validation of the results was achieved by assuming as a reference the SST obtained from 

ASTER images acquired simultaneously to the MODIS images. The ASTER SST, with a 

resolution of 90 m, were upscaled and co-registered to the MODIS SSTs at 250 m obtained by 

SWTI (Section 2.6.1).Only the pixels at 250 m obtained by the aggregation of ASTER pure 

water pixels were used for the comparison. ASTER pure water pixels were identified using a 

radiance threshold value measured in the 0.78 μm–0.86 μm ASTER band. The validation 

methodology considers two data sets: open sea pixels and pure water SBPs successfully 

processed by SWTI (step 2). Open sea pixels are sub-pixels of pure water pixels at coarse 

resolution and their SST is directly obtained by FOPS of MODIS radiance downscaled 

(nearest neighbor) at fine resolution. The validation is based on two main assumptions: 

(i) ASTER SST and MODIS SST of an open sea pixel i, T0,A,i and T0,M,i , respectively, 

are related by: 

                                (2.3) 

where Δ0 is a constant bias and      is a random, normally distributed, deviation. These 

quantities are independent of the errors introduced by SWTI and can be due to various 

causes, as sensors calibration, co-registration, different viewing geometries, 

atmospheric corrections and spectral location of TIR bands. 

(ii) ASTER SST and SWTI SST of the SBP i, T1,A,i and T1,S,i respectively, are related 

by: 

                                       (2.4) 

where ΔS and      are the bias and the random, normally distributed, deviation added 

by SWTI. 
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The standard deviation of           )), the bias ΔS, and the total deviation: 

    [  
      )

 ]              (2.5) 

were the quantities used to estimate the errors introduced by SWTI. Indicating as E() the 

average operator gives: 

 (         )                (2.6) 
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     (         )   (         )         (2.9) 

Analogously, considering that: 

  (         )        )                   (2.10) 

  (         )           )       )       )                (2.11) 
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                 (2.12) 

Using these statistical quantities is possible to proceed to the comparison with the ASTER 

images, the results are reported in Table 2.8. Furthermore Table 2.8 reports: the number of 

open sea pixels (N0), the number of SBPs successfully processed by SWTI (N1), and the 

number of SBPs successfully processed by SWTI and compared with ASTER SST (N1). The 

latter SBPs subset consists of the pixels that were identified as pure water surface in both the 

MODIS and ASTER images at 250 m. In all cases, about 60% of the SBPs (N1 from 946 to 

1499) were used for the comparison. This number of SBPs is large enough to ensure a good 

statistical significance. In both the cases studied, nearly 13,000 open sea pixels (N0) were used 

to estimate the deviations between ASTER SST and MODIS SST independently of the SWTI 

algorithm. Columns Δ0 and     ) (Eqs. (2.6), (2.10)) in Table 2.8 show that the systematic 

difference and the standard deviation of the differences for MODIS band 31 are in the ranges 

of [−0.34 K, − 0.25 K] and [0.17 K, 0.18 K] respectively for both cases. These values are in 

agreement with other similar evaluations reported in literature (Coll et al., 2007). The 

systematic difference worsens slightly for band 32 (up to − 0.58 K); this could be partly 

attributed (but must be further addressed) to different spectral coverage of ASTER bands 
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compared to MODIS band 32. Columns ΔS,     ) and TD (Eqs. (2.9), (2.12), (2.4)) in Table 

2.8 report the estimates of the deviations introduced by SWTI obtained by the comparisons 

between the SWTI SST and ASTER SST on SBPs. With the exception of the first row of the 

table, it can be deduced that SWTI introduced systematic differences from 0.37 K to 0.51 K 

and non-systematic deviations from 0.63 K to 0.86 K, corresponding to a total deviation of 

less than 1 K. In the first case (first row) SWTI performed slightly worse, e.g. TD rises to 

1.01 K. The factors that caused this worsening probably include some residual water/non-

water mixed pixels not resolved in the MODIS cover fractions images. This assumption is 

further supported by the visual inspection presented below. Bands 31 and 32, as well as the 

two different U size options, produced very similar results.  

Case Band U N0 N* N1 0 1 S     )     )     ) TD 

A 31 3x3 12.931 1786 1081 -0.25 0.40 0.65 0.18 0.79 0.77 1.01 

A 31 5x5 12.931 1987 1173 -0.25 0.19 0.44 0.18 0.68 0.65 0.79 

A 32 3x3 12.931 1785 1084 -0.32 0.19 0.51 0.19 0.79 0.77 0.92 

A 32 5x5 12.931 1946 1141 -0.32 0.02 0.34 0.19 0.66 0.63 0.72 

B 31 3x3 12.855 1681 968 -0.34 0.00 0.34 0.17 0.76 0.74 0.82 

B 31 5x5 12.855 2446 1434 -0.34 0.07 0.41 0.17 0.84 0.82 0.92 

B 32 3x3 12.855 1666 946 -0.58 -0.21 0.37 0.18 0.81 0.79 0.88 

B 32 5x5 12.855 2532 1499 -0.58 -0.14 0.45 0.18 0.88 0.86 0.97 

Table 2.8: SWTI validation results 

 

Column N* in Table 2.8 indicates that U5 increased the number of SBPs successfully 

processed by SWTI significantly relative to U3: +10% (approx.) for Case A and +30% 

(approx.) for Case B. This effect was also noted in the previous section. 

Validation was also supported by visual inspection. Figure 2.26 and Figure 2.27 show an 

example of visual comparison of two particular areas. The figures show: (a) the ASTER SST 

at the original spatial resolution (90 m); (b) the FOPS SST; (c) the SWTI SST obtained with 

U3; (d) the SWTI SST obtained with U5. SST were obtained using MODIS band 31; band 32 

produced very similar visual comparisons. The first area (Figure 2.26), is centered on the Po 

delle Tolle delta and includes the Sacca degli Scardovari Lagoon (lower-left) and part of the 

lagoon facing Polesine Island (upper-right). SWTI provided the SST for most of the two 

lagoons (Figure 2.26(c, d)), while using FOPS only the SST for the central pixels were 

obtained. SWTI better followed and approached the coastline profile than FOPS. Most of the 

temperature patterns present in the SWTI maps can also be observed, with a higher SST 

gradients, in the ASTER SST (Figure 2.26(a)). One anomaly is evident in the lower left area 

of the Sacca degli Scardovari: here a square hot area is evident in both the SWTI and FOPS 
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maps, but it is not present in the ASTER image. Focusing on the VNIR high resolution image 

in the background, it can be observed that this anomaly is located very close to small islands. 

This indicates that the hot spot is probably due to residual water–non-water mixed pixels not 

resolved in the MODIS cover fractions images. This effect can also be due to the asymmetry 

of the MODIS point-spread function (PSF). In literature, the PSF effects on models for the 

disaggregation of LST/SST, is often listed among the caveats (Zhan et al., 2013); nevertheless 

their evaluation is very difficult and this issue has rarely been addressed.  

 

Figure 2.26: . (a) ASTER SST at the original spatial resolution (90 m). (b) FOPS SST. (c) SWTI SST 

obtained with U3. (d)SWTI SST obtained with U5. Figures (b–c) were obtained using MODIS band 31. 

Note: The area is centered on the Po delle Tolle delta (WGS-84, 44° 52′ 40″ N, 12° 28′ 30″ E) and includes 

the Sacca degli Scardovari Lagoon (lower-left) and part of the lagoon facing Polesine Island (upper-right). 
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Figure 2.27: (a) ASTER SST at the original spatial resolution (90 m). (b) FOPS SST. (c) SWTI SST 

obtained with U3. (d)SWTI SST obtained with U5. Figures (b–c) were obtained using MODIS band 31. 

 

The second area (Figure 2.27), includes the island of Venice and the Bocca di Lido mouth, 

connecting the Venice Lagoon (left)with the Adriatic Sea (right). This area was chosen 

because it represents a very difficult scenario for SWTI. This part of the lagoon is 

characterized by several critical factors, including: very complex coastline profiles, islands of 

different sizes and shapes, spits and partially submerged vegetation (salt marshes, particularly 

evident in the upper right side). Figure 2.27 shows that the SST obtained by SWTI are 

considerably more complete than those produced by FOPS and that spatial improvement is 
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better achieved using U5. At the same time, this figure shows some critical aspects. The 

Cavallino-Treporti coastline facing to open sea (labeled ‘1’ in Figure 2.27(a)) is better 

described by SWTI than the very similar Lido di Venezia coastline (labeled ‘2’). This is 

because the LLSR often fails on the BPs of Lido di Venezia because there is not enough land 

inside the local neighbor U. This means that the applicability of SWTI is lower for narrow 

spits or isthmuses. In Figure 2.27(a) there are some obvious hot (red) areas, of minor 

extension (b1 km), in proximity of the Porto Marghera industrial area (label ‘3’). In contrast, 

there is no evidence of these hot spots neither in the FOPS image nor in the SWTI image. 

This is a confirmation that SWTI is able to disaggregate the temperature of mixed BPs in 

temperature of pure water SBPs, but it cannot describe temperature patterns inside the SBPs 

forming a single BP. 

2.7 DISCUSSION 

Results obtained on both ASTER and MODIS images allow to make some considerations on 

the improvement of the spatial resolution in the thermal infrared region by the SWTI 

algorithm.  

Concerning ASTER images, the study has been mostly focused on the development of a 

methodology for the analysis of the Sea Surface Temperature along coastlines and 

watercourses. The developed methodology want to be a rigorous and repeatable procedure 

that permits three kinds of analysis: (a) the extraction of the spatial polygons describing the 

temperature field of waters near coastlines; (b) the extraction of the temperature profiles along 

polylines parallel to the coastlines and at a fixed distance from them; (c) the extraction of the 

mean cross-sectional temperature along the watercourses axis. The results obtained indicate 

that the developed procedures can be valuable tools for the study of water thermal pollution, 

for water quality assessment, and to verify compliance with legal limits.  

Concerning the validation of the effectiveness and validity of the SWTI algorithm the 

following assessment can be done: 

 Regarding ASTER images, a comparison between some ground measurements and 

the SWTI temperature maps has been done. The two dataset show a good correlation 

(r = 0.98) and a bias of 1.5°C, probably due to vertical water stratification that makes 

very difficult the comparison between surface and bulk temperatures. 
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 Regarding MODIS images, the efficiency of SWTI was analyzed by comparing the 

number of SBP added by SWTI close to the water-land boundary with respect to a 

simple first order polynomial smoothing (FOPS). Considering seacoasts, it was found 

that for distances up to one SBP size (250 m) from the water-land boundary SWTI 

successfully computed the SST of more than 80% of the SBPs, corresponding to an 

increase of more than 67% with respect to FOPS, in all the cases. 

 A comparison has been made using both ASTER and MODIS images. The SWTI 

MODIS SST has been compared with the ASTER SST upscaled to 250 m. This 

comparison was made using both open sea pixels and SBP in order to separate the 

deviation introduced by SWTI from the preexisting deviation between MODIS and 

ASTER. This analysis was done by considering the two images, the two neighbor size 

and the two MODIS band, for a total of 8 different cases. It was found that using the 

5x5 neighbor and considering both the MODIS bands the bias introduced by SWTI 

was ΔS ≤ 0.45K and the standard deviation introduced by SWTI was     ) ≤ 0.88, 

corresponding to a total deviation TD ≤ 0.97K. The results obtained using the 3x3 

neighbor are very similar. 

 A visual comparison of the SST maps from ASTER and MODIS images confirmed 

one of the limit of SWTI methodology: thermal patterns with spatial size less than the 

TIR MODIS spatial resolution (1 km) cannot be reconstructed. Nevertheless, thermal 

spatial patterns with size close to or greater than 1 km can be reconstructed and 

extended close to the water-land boundary. 

 


