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Fig. 4.15. Illustration of the modification of an image histogram to a pseudo-Gaussian shape. 
a Original histogram; b Cumulative normal histogram; c Histogram matched to Gaussian 
reference

4.6
Density Slicing

4.6.1
Black and White Density Slicing

A point operation often performed with remote sensing image data is to map ranges 
of brightness value to particular shades of grey. In this way the overall discrete 
number of brightness values used in the image is reduced and some detail is lost. 
However the effect of noise can also be reduced and the image becomes segmented,
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Fig. 4.16. The brightness value
mapping function corresponding
to black and white density
slicing. The thresholds are user
specified

Fig. 4.17. Simple example of creating the
look-up tables for a colour display device
to implement colour density slicing. Here
only six colours have been chosen for sim-
plicity

or sometimes contoured, in sections of similar grey level, in which each segment is
represented by a user specified brightness. The technique is known as density slicing
and finds value, for example, in highlighting bathymetry in images of water regions
when penetration is acceptable. When used generally to segment a scalar image into
significant regions of interest it is acting as a simple one dimensional parallelepiped
classifier (see Sect. 8.4). The brightness value mapping function for density slicing
is as illustrated in Fig. 4.16. The thresholds in such a function are entered by the user.
An image in which the technique has been used to highlight bathymetry is shown
in Fig. 4.18. Here differences in Landsat multispectral scanner visible imagery, at
brightnesses too low to be discriminated by eye, have been mapped to new grey levels
to make the detail apparent.
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Fig. 4.18. Illustration of contouring in water detail using density slicing. a The image used is
a band 5 + band 7 composite Landsat multispectral scanner image, smoothed to reduce line
striping and then density sliced; b Black and white density slicing; c Colour density slicing
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4.6.2
Colour Density Slicing and Pseudocolouring

A simple yet lucid extension of black and white density slicing is to use colours to
highlight brightness value ranges, rather than simple grey levels. This is known as
colour density slicing. Provided the colours are chosen suitably, it can allow fine detail
to be made immediately apparent. It is a particularly simple operation to implement
on a display system by establishing three brightness value mapping functions in the
manner depicted in Fig. 4.17. Here one function is applied to each of the colour
primaries used in the display device. An example of the use of colour density slicing,
again for bathymetric purposes, is given in Fig. 4.18.

This technique is also used to give a colour rendition to black and white imagery.
It is then usually called pseudocolouring. Where possible this uses as many distinct
hues as there are brightness values in the image. In this way the contours introduced
by density slicing are avoided. Moreover it is of value in perception if the hues used
are graded continuously. For example, starting with black, moving from dark blue,
mid blue, light blue, dark green, etc. through to oranges and reds will give a much
more acceptable pseudocoloured product than one in which the hues are chosen
arbitarily.

References for Chapter 4

Much of the material on contrast enhancement and contrast matching treated in this chapter will
be found also in Castleman (1996) and Gonzalez and Woods (1992) but in more mathematical
detail. Passing coverages are also given by Moik (1980) and Hord (1982). More comprehensive
treatments will be found in Schowengerdt (1997), Jensen (1986), Mather (1987) and Harrison
and Jupp (1990).

The papers by A. Schwartz (1976) and J.M. Soha et al. (1976) give examples of the
effect of histogram equalization and of Gaussian contrast stretching. Chavez et al. (1979) have
demonstrated the performance of multicycle contrast enhancement, in which the brightness
value mapping function y = f (x) is cyclic. Here, several sub-ranges of input brightness value
x are each mapped to the full range of output brightness value y. While this destroys the
radiometric calibration of an image it can be of value in enhancing structural detail.
K.R. Castleman, 1996: Digital Image Processing, 2e, N.J., Prentice-Hall.
P.S. Chavez, G.L. Berlin, and W.B. Mitchell, 1979: Computer Enhancement Techniques of

Landsat MSS Digital Images for Land Use/Land Cover Assessment. Private Communi-
cation, US Geological Survey, Flagstaff, Arizona.

R.C. Gonzalez and R.E. Woods, 1992: Digital Image Processing, Mass., Addison-Wesley.
B.A. Harrison and D.L.B. Jupp, 1990: Introduction to Image Processing, Canberra, CSIRO.
A. Hogan, 1981: A Piecewise Linear Contrast Stretch Algorithm Suitable for Batch Landsat

Image Processing. Proc. 2nd Australasian Conf. on Remote Sensing, Canberra, 6.4.1–
6.4.4.

R.M. Hord, 1982: Digital Image Processing of Remotely Sensed Data, N.Y., Academic.
J.R. Jensen, 1986: Introductory Digital Image Processing — a Remote Sensing Perspective.

N.J., Prentice-Hall.



1.4   Remote-Sensing Systems 23

         
The sensor collects some of the electromagnetic radiation (radiance12) that propagates upward 

from the earth and forms an image of the earth’s surface on its focal plane. Each detector integrates 
the energy that strikes its surface (irradiance13) to form the measurement at each pixel. Due to sev-
eral factors, the actual area integrated by each detector is somewhat larger than the GIFOV-squared 
(Chapter 3). The integrated irradiance at each pixel is converted to an electrical signal and quan-
tized as a integer value, the Digital Number (DN).14 As with all digital data, a finite number of bits, 
Q, is used to code the continuous data measurements as binary numbers. The number of discrete 
DNs is given by,

(1-4)

and the DN can be any integer in the range,

. (1-5)

The larger the value of Q, the more closely the quantized data approximates the original continuous 
signal generated by the detectors, and the higher the radiometric resolution of the sensor.  

12.Radiance is a precise scientific term used to describe the power density of radiation; it has units of W-m-2-
sr-1-μm-1, i.e., watts per unit source area, per unit solid angle, and per unit wavelength. For a thorough dis-
cussion of the role of radiometry in optical remote sensing, see Slater (1980) and Schott (1996).

13.Irradiance has units of W-m-2-μm-1. The relationship between radiance and irradiance is discussed in
Chapter 2.

14.Also known as Digital Count.

NDN 2
Q

=

DNrange 0 2
Q

1–,[ ]=
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1.5 Image Display Systems

Computer image displays convert the digital image data to a continuous, analog image for view-
ing. They are usually preset to display 8 bits/pixel in greyscale, or 24 bits/pixel in additive color, 
achieved with red, green, and blue primary screen colors. Three bands of a multispectral image are 
processed by three hardware Look-Up Tables (LUTs) to convert the integer DNs of the digital image 
to integer Grey Levels (GLs) in each band,

. (1-7)

The DN serves as an integer index in the LUT, and the GL is an integer index in the video memory
of the display (Fig. 1-24). The range in image DNs is given by Eq. (1-5), while GL typically has a
range,

(1-8)

in each color. The hardware LUT can be used to apply a “stretch” transformation to the image DNs
to improve the displayed image’s contrast or, if the DN range of the original image is greater than
the GL range, the LUT can be used to “compress” the range for display. The output of the LUT will
always be limited according to Eq. (1-8).

Color images are formed from composites of the triplet of GLs corresponding to any three
bands of a multispectral image. With a 24-bit display, each band is assigned to one of three 8-bit
integers corresponding to the display colors: red (R), green (G), or blue (B). There are therefore 256

GL LUTDN=

GLrange 0 255,[ ]=

GLs available for each band. Every displayed pixel has a color defined by a triplet of GLs, which 
we may consider a three-dimensional column vector RGB,17

There are 2563 possible RGB vectors, but fewer distinguishable display colors because there are no
monitors that can display all of the colors in the color cube. The exact color displayed for a given
RGB data vector depends on the phosphor characteristics and control settings of the monitor.  

Computer monitors create color in an additive way; that is, a pixel with equal GLs in red, green,
and blue will appear as grey on the screen (if the monitor is properly adjusted); a pixel with equal
amounts of red and green, and with no blue, appears as yellow, and so forth. Certain color combina-
tions are widely used in remote sensing (Table 1-6). However, since many commonly-used bands
are not even in the visible spectrum, color assignment in the display image is arbitrary. The “best”

RGB GLR,GLG,GLB[ ]T

17.The triplet is conveniently written as a row vector in Eq. (1-9). The superscript T converts it to a column
vector by a transpose operation.
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FIGURE 1-24.  The conversion from DN to GL to color in a 24bits/pixel digital video display. Three images
are converted by individual LUTs to the three display GLs that determine the amplitude of the primary
display colors, red, green and blue. The last step is a digital-to-analog (D/A) conversion and combination
of the three channels to achieve the color seen on the monitor. At the bottom, the color cube for a 24bits/
pixel display is shown; the vector RGB specifies any triplet of GLs within the cube.
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colors to use are those that enhance the data of interest. The popularity of the Color IR (CIR) type
of display derives from its emulation of color IR photography, in which vegetation appears as red
because of its relatively high reflectance in the NIR and low reflectance in the visible (Fig. 1-7).
Anyone with photointerpretation experience is usually accustomed to interpreting such images. The
natural color composite is sometimes called a “true” color composite, but that is misleading as there
is no “true” color in remote sensing—natural color is more appropriate for the colors seen by the
eye. The bands used to make TM CIR and natural color composites are shown in Plate 1-9.

Single bands of a multispectral image can be displayed as a greyscale image or pseudo-colored
by converting each DN or range of DNs to a different color using the display’s LUTs. Pseudo-
coloring makes it easier to see small differences in DN. 

TABLE 1-6.  Sensor band mapping to RGB display color for standard
color composites. A general false color composite is obtained by
combining any three sensor bands.

sensor

composite type

natural color Color IR (CIR)

generic red:green:blue NIR:red:green

ALI 4:3:2 5:4:2

ASTER NA 3:2:1

AVIRIS 30:20:9 45:30:20

Hyperion 30:21:10 43:30:21

MODIS 13:12:9 16:13:12

MSS NA 4:2:1

SPOT NA 3:2:1

TM, ETM+ 3:2:1 4:3:2
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times. The first step is to register the images using correspond­

ing GCPs. Following registration, the digital numbers of one 

image are subtracted from those of an image acquired earlier 
or later. The resulting values for each pixel are positive, nega­

tive, or zero; the latter indicates no change. The next step is to 

plot these values as an image in which a. neutra! gray tone rep­

resents zero. Black and white tones represent the maximum 
negative and positive differences, respectively. Contrast 
stretching is employed to emphasize the differences . 

The change-detection process is illustrated with Landsat
MSS band 5 images of the Goose Lake area of Saskatchewan, 

Canada (Figure 8-35). The DN of each pixel in the June 27, 

1973, image (Figure 8-35B) is subtracted from the DN of the 

corresponding registered pixel in the September 7, 1973, im­
age (Figure 8-35A). The resulting values are linearly stretched 

and displayed as the change-detection, or difference, image 
(Figure 8-35C). The location map aids in understanding 
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Figure 8-35 Change-detection image computed from seasonal Landsat MSS images,

Saskatchewan, Canada. From Rifman and others (1975, Figures 2-14, 2-15, 2-17).
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Change-Detection lmages 

Change-detection images provide information about seasonal 
or other changes. The infmmation is extracted by comparing 
two or more images of an area that were acguired at different 
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ABSTRACT 

Flooding, a result of both natural and anthropogenic factors, poses serious risks for life, properties and 
infrastructure. On global scale, with respect to the direct or indirect impact of natural disasters on millions 
of people per year, floods are ranked as number one catastrophe. In Greece, despite the plethora of major 
and catastrophic events in the country during the past decades, floods had not been adequately studied. 
Furthermore, although Earth Observation (EO) data and Geographic Information Systems (GIS) provide a 
secure and economic way of delineating, monitoring and ultimately managing flood events, they have 
been hardly used in relevant studies in Greece. The main objectives of the present study were the 
production of an online flood database for Greece, the use of EO and GIS techniques for flood mapping 
and the provision of freely available geospatial data. EO data used mainly included Synthetic Aperture 
Radar (SAR) (e.g. ENVISAT/ASAR, ERS) and medium to high resolution optical satellite imagery (e.g. 
Landsat, SPOT) for delineating flooded areas and producing flood and flood-risk maps. The results of the 
investigation are publically available over the internet through the project’s website, with potential for 
further updates and expansion. Overall, it is envisaged that the data provided through this project, shall 
serve as a basis for flood disaster management in the future, both during as well as in the pre- and post-
crisis phases. 

 
Keywords: Greece, floods, database, GIS, Earth observation, mapping 

 
1. INTRODUCTION 

Flooding, a result of both natural and anthropogenic factors, poses serious risks for life, properties and 
infrastructure. On global scale, with respect to the direct or indirect impact of natural disasters on millions 
of people per year, floods are ranked as number one catastrophe (Bell, 1999). 

During the last decades, the escalating frequency of flood events around the world, together with the 
evidences and warnings about global climatic change, rendered this phenomenon a very serious issue. 
Efficient flood management is thereafter a fundamental necessity, in order to minimize the adverse 
consequences, in terms of human safety and damage to property. 

To this end, European Union (EU) Member States are conducting a preliminary flood risk assessment 
and subsequently developing flood hazard (i.e. showing flood probability) and flood risk maps (i.e. 
related to the potential adverse consequences of a flood), whereas by 2015 flood risk management plans 
will be drawn for high risk zones (Directive 2007/60/EC). This three stage process applies to all kinds of 
floods (river, lakes, flash floods, urban floods, coastal floods, including storm surges and tsunamis) on all 
of the EU territory and will need to be reviewed every six years (European Union 2007).  

According to the definitions given by the U.S. National Oceanic and Atmospheric Administration 
(NOAA), floods are overflows of water onto normally dry land that may last days or weeks. They are 
caused by rising water in an existing waterway, such as a river, stream, or drainage ditch, with the 
ponding of water occurring at or near the point where the rain fell. A flash flood is caused by heavy or 
excessive rainfall in a short period of time, generally less than six hours. Flash floods are usually 
characterized by raging torrents after heavy rains that rip through river beds, urban streets, or mountain 
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canyons sweeping everything before them. They can occur within minutes or a few hours of excessive 
rainfall. They can also occur even if no rain has fallen, for instance after a levee or dam has failed, or after 
a sudden release of water by a debris or ice jam. Depending also on the geological and geomorphological 
regime, the water can remain in the affected area for several days or, more commonly, run off within just 
a few hours. 

Earth Observation (EO) data, along with Remote Sensing and Geographical Information Systems 
(GIS) techniques, provide safe and cost-effective tools for monitoring, mapping and assessing the 
evolution and damages caused by flood events. Initiatives, dedicated centres, institutions and services, 
such as (i) the International Charter (http://www.disasterscharter.org), (ii) the Centre for Satellite Based 
Crisis Information (ZKI, http://www.zki.dlr.de/), (iii) Services and Applications For Emergency Response 
(Safer, http://safer.emergencyresponse.eu) and (iv) SERTIT (Service Régional de Traitement d'Image et 
de Télédétection, http://sertit.u-strasbg.fr/), use satellite images for Earth monitoring, offering substantial 
support to major flood events and natural disasters in general, around the world. 

In Greece, despite the plethora of major and catastrophic events in the country during the past decades, 
floods have not been adequately studied. In particular, although EO data and GIS provide a secure and 
economic way of delineating, monitoring and ultimately managing flood events, they have been hardly 
used in relevant studies in Greece. This has been mainly attributed to the fact that most floods occurring 
on Greek territory are relatively (with respect to the global average) small scale flash-floods, meaning that 
EO data of high spatial and temporal resolution are required, in order to “capture” the disaster. 
Regrettably, this kind of data is generally not available and hence it is considered as highly unlikely for 
flash-floods to be recorded with appropriate satellite acquisitions. However, in early 2011, a project 
focusing on the creation of a flood database for Greece and its combined use with EO data and GIS was 
carried out (Mouratidis 2011, Mouratidis et al. 2011, Mouratidis et al. 2012). One year later, Diakakis et 
al. (2012) published another historical flood catalogue together with a statistical and spatial analysis of 
flood events, while the Ministry of Environment Energy & Climate Change of Greece published a 
detailed report on the assessment and management of flood risks in Greece, in accordance to the 
European Union Directive (YPEKA, 2012). 

The main objectives of the present study were the production of an online flood database for 
Greece, the use of EO techniques and GIS for flood mapping and the provision of freely available 
geospatial data. EO data used mainly included: a) Synthetic Aperture Radar (SAR) satellite 
imagery (ERS , ENVISAT/ASAR, ALOS/PALSAR) for delineating flooded areas by change 
detection techniques and b) high resolution optical satellite images (e.g. Landsat, SPOT, 
IKONOS, Quickbird) are related classification techniques, mainly for the creation of flood risk 
maps and, where feasible, also for the delineation of flooded areas. 
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2.4 Image processing 
2.4.1 SAR image processing 

Contrary to optical sensors, radar systems with their all-weather, day and night applicability make 
SAR data more appropriate for monitoring flood events (e.g. Badji and Dautrebande 1997; Yésou et al. 
2000; Sarti 2004; Li et al. 2005), as the latter are normally associated with bad meteorological conditions 
and a high percentage of cloud coverage.  

During the pre-processing of SAR images using NEST (Next ESA SAR Toolbox) and Envi™, the 
following steps took place: 

1. Image calibration, by converting pixel values from digital number (DN) into backscattering
coefficient (σ0) following Rosich & Meadows (2004), so that the value of the same pixel in each
image, as well as the different pixel values in the same image, would become comparable.

2. Co-registration of all SAR images in order to ensure geographical and geometrical overlap.
3. Optional orthorectification of the co-registered images using a Digital Elevation Model (DEM)

(e.g. SRTM).

Subsequently, the main SAR image processing for the detection and mapping of flooded regions 
included: 

1. The production of the average “dry” image, by calculating the mean values for each pixel using all
the available “dry” images.

2. The implementation of a Change Detection Analysis (CDA) approach. CDA encompasses a broad
range of methods used to identify, describe and quantify differences between images of the same
scene at different times. In this study, the False Colour Composition (FCC) was adopted and
applied. Typically, two images were used; one before (mean of the dry images-where more than
one of them were available) and one during/after the flood. In each case study, the flood image was
assigned to both the red (R) and the green (G) channels while the ‘‘dry’’ image was assigned to the
blue (B) channel, in order to create an RGB false colour composite.

With respect to the interpretation of these RGB image products, unchanged or almost unchanged 
features appear in variations of grey, whereas any change in the scene (denoting change in backscattering) 
from one acquisition to the other appears in colour, so that: 

1. Regions with significantly lower backscatter in the flood image appear in blue, indicating
possible flooded areas.

2. Regions with significantly higher backscatter in the flood image appear in yellow (yellowish),
indicating a possible increase in soil moisture.

3. Areas with little or no change are depicted as grey, the result thus being approximately equivalent
with that of each image independently (Fig. 8-11).
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Figure 8. Delineation of flooded areas by change detection techniques, in the post-crisis period (two days 
after the flash-flood) in the prefecture of Thessaloniki (case study 1), using an ENVISAT/ASAR IMG mode 
false colour composite: R=G=10/10/2006 (flood image), B=(5/10/2004 + 25/10/2005)/2 (average of two 
images during the same season, but under dry conditions). Blue colour depicts flooded regions, while 
yellow colour depicts wet soil. 

Figure 9. Delineation of flooded areas in the prefecture of Thessaloniki in 2011 (case study 2), during the 
post-crisis phase (four days after the flash-flood), using an RGB false colour composite of orthorectified 
medium spatial resolution (150m) ASAR Wide Swath Mode data.  R=G=25/09/2011 (flood image), 
B=25/09/2011 (dry conditions). Blue colour depicts flooded regions, while yellow colour depicts wet soil. 
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Figure 10: Overview of flooded areas in the prefecture of Thrace in 2007 (case study 3), during the crisis 
period, by change detection techniques, using an ENVISAT/ASAR false colour composite: 
R=G=18/11/2007 (flood image), B= average of seven images taken under dry conditions. Blue colour 
depicts flooded regions while yellow colour depicts wet soil. 
 

 
Figure 11: Floods along Pinios river, near Piniada, Farkadona and surrounding areas in Thessaly, in 
2003 (case study 4), captured by ERS-2 during the crisis phase. SAR RGB false colour composite: 
R=G=02/02/2003 (flood image), B= 06/02/2005 (dry conditions). Blue colour depicts flooded regions 
while yellow colour depicts wet soil. 
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Wind Speed, Direction, and Backscatter 

So how is this roughness related to the wind speed? Unfortunately, there is no theory 

relating the wind speed to the size of these capillary waves and the backscatter, so the 
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wind speed dependence of sigma naught is determined empirically. There are various 

algorithms depending on the scatterometer frequency. 

It should be noted that the wind speed that gives rise to the small scale roughness is not 

the same as the wind which is usually measured at say ten meters above the surface. 

While these two speeds are connected, the stability of the atmosphere determines how 

they are coupled. The stability depends on the vertical distribution of atmospheric 

properties (namely temperature). Therefore, some assumptions about the relationship 

between the 10-meter wind speed and the surface wind (called the friction velocity) are 

generally made so that the wind speed can be determined.  

Since the capillary waves align themselves roughly perpendicular to the wind, the 

backscatter due to Bragg scattering will depend on the direction of the radiation (look 

direction) relative to the wind speed (figure 3) 

Figure 3. Dependence of scattering on wind direction. For small angles, the wave crests 

align to promote Bragg scattering. If the angle is large, the crests are mostly parallel to 

the look direction, and so there is no series of crests to cause Bragg scattering (from 

Robinson, 1985) 

The backscatter will be highest parallel to the wind direction and lowest perpendicular to 

the wind direction (since there would be no series of wave crests for resonant scattering 

in this direction). This means that if we look at a spot from all angles relative to the wind 

direction, as the azimuth changes from 0 degrees to 360 degrees the backscatter will peak 

initially (looking upwind, wave crests are all aligned with look direction), reduce to a 

minimum at 90 degrees (wave crests run parallel to look direction), and then increase to a 

maximum again at 180 degrees (looking downwind), to another minimum at 270 degrees, 

then maximum again at 360 (back to upwind). This pattern is depicted by the curve W1 

in the figure 4.  
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Figure 4. Solution curves for wind speed and direction for a measured backscatter. The 

two curves show two measurements made of the same point in two different directions. 

Since the backscatter varies with direction, the measured backscatter will be different. As 

the solution must satisfy both measurements, the only possible solutions are where the 

curves intersect. 

From this behavior, we see there is an ambiguity in the wind direction determined from a 

single look direction. Notice that for a given wind speed, a given backscatter could occur 

for four different look angles. But we also have an ambiguous wind speed since if we do 

not know the direction, we don’t know if a low backscatter is because we are looking 

crosswind, or if the wind is actually weak and we are looking downwind.  

To remove the ambiguity, we look at the surface at two different look angles. For an 

observed value of sigma naught, there will be one possible wind speed for every possible 

wind direction, given by the curve in figure 4. Now, if we have a second measurement at 

a different angle relative to the wind direction, we must have a different curve (since the 

backscatter will change as the look angle changes). These two curves will intersect at 

four points. Since the wind speed and direction must satisfy both curves, the possible 

values are given only by the intersection point. Note that the wind speed does not vary 

much among intersection points, but it does for wind direction. This defines the wind 

speed and direction, with an ambiguity of four possible values for the wind direction. 

With a third look, the ambiguity can be further reduced.  

There will always be an wind direction ambiguity of 180 degrees, since the sea surface 

looks the same whether we are looking upwind or crosswind. This ambiguity can be 

removed by comparing to other meteorological data or a numerical model. 
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the temperature, the greater is the radiant energy. By measuring the emitted
radiation, the temperature can be calculated, provided the physics of the process h 

well defined. 
The spectral characteristics of thermal emission from a body at temperature Tic

K are described by Planck's radiation law:

M(>., T) = >.5 [exp(C�/>.T)- I]
(7. I

where >. is the wavelength in metres; and M is the spectral exitance, sometimes cali�
emittance (i.e., the radiant flux density of radiation per unit bandwidth centred at )�
leaving unit area of surface, irrespective of direction (the equivalent of irradiancc
discussed in Section 6.2 but for energy leaving rather than falling on a surface)). C
and C2 are constants with the values: 

C 1 = 3.74 X I0-16Wm2 

C2 = 1.44 x I0-2mK 

giving an estimate of M>,. in wm-2m-1. To obtain M� in wm-2µm-1 as is more
customary, Equation (7.1) should be multiplied by 10- . 

Integration of Equation (7.1) over all wavelengths gives the total exitance of.:
black body:

M = c;T 4 (7.2

where c;= 5.669 x 10-8
wm-

2K-4 (Stefan's constant). 
Equation (7.1) represents idea! or black body radiation because it is based o�

ideal thermodynamic principles which apply only if the surface is a perfect emitter
The emitting properties of a real surface are described by its spectral emissivity, E(,\

(>.) = Exitance at wavelengtb >. from real surface at temperatme Te M>,. (perfect emitter at temperature T) 
(7-�

The logarithmic form of Equation (7.1) across a wide range of wavelengths h�
already been illustrated in Figure 2.3, for severa! temperatures, including those of thc
Sun and the Earth. Figure 7 .1 is a linear plot of the Planck function in the IR pan c-f
the spectrum, for temperatures spanning the range of SST. Note that the area unde-r
each curve is given by Equation (7.2), wbile tbe spectral peak for each temperature:�
found at wavclength ÀmuK given by Wien's displacement law:

(7A 
where C3 = 2897 µmK-1. 

The consequences of the spectral dependence of the Planck function werc
already discussed briefly in Chapter 2 where it was noted that solar emitted energ)
has a peak in the visible part of the spectrum, because the sun is so hot. In contrasL
at typical SSTs the emission peak lies between about 9 µm and 11 µm. This makes the
thermal-IR an optimal region for monitoring SST since the emitted radiance is 11 

maximum there and it varies rapidly with temperature changes, almost doublini
between O and 40°C. By measuring the radiance, an IR radiometer can detect thc
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Figure 7.1. IR em1ss1on spectra of black bodies at temperatures between -10°C and 

40°c. 

brightness temperature of the radiation, defined as the temperature of the black body 
which would emit the measured radiance across the waveband of the detector. 

In principle this can be achieved by inverting Equation (7.1), and recalling that 
for a Lambertian piane surface, the measured radiance L>. is related to the exitance 
M>. by L>. = #>./1r. In practice a simple inversion is not possible since the bandwidth 
of a detector is finite and its spectral response is tapered (see Section 7 .2.2). The 
measured brightness temperature differs from the actual temperature of the 
observed surface because of its non-unit emissivity, and because of the effects of the 
interven­ing atmosphere. The latter restricts IR radiometry of the sea surface to two 
spectral windows in the approximate ranges 3.5-4.1 µm and 10.0-12.5 µm. 



Golf Stream Temperatures 

Ocean currents such as the Gulf Stream are responsible for moving excess heat gained in the 
tropics to the poles, thus rnaintaining the Earth's therrnal equilibrium. On average, the atmosphere 
and the ocean are equal partners in the amount of heat they transfer poleward. Sea-surface 
temperatures are used to determine how much heat is transferred between the atmosphere and the 
ocean. 

The temperature of the ocean also determines how much carbon dioxide can be absorbed from the 
atmosphere. Knowing how much i absorbed is irnportant because carbon dioxide is one of the 
major greenhouse gases that may be responsible for global warming. 

This thennal infrared image of the northwest Atlantic Ocean was taken from a NOAA satellite 
using the Advanced Very High Resolution Radiometer (AVIìRR) instrument, which is sensitive to 
changes in the temperal11re of the ocean' s urface. The warmest temperatures (25 degrees C) are 
represented by red tones, and the coldest temperatures (2 degrees C) by blue and purple tones. 
The Gulf Stream is clearly visible as a core of warm water moving along the east coast of the 
United States and turning eastward into the Atlantic near Cape Hatteras, North Carolina. 

As the Gulf Stream moves toward the central Atlantic, it releases heat to the atmosphere, so that 
by the time the Stream reaches the central Atlantic, it has lost its warm core, and its surface 
waters are no longer distinguishable from the surrounding waters. The area just east of Cape 
Hatteras sees the largest sustained transfer of heat from the ocean to the atmosphere. Because of 
this large heat transfer, atmospheric storms tend to intensify in this region. 



L-.....:......�:--�------- Here is an image of the North Atlantic from June of 1984. Blue and purple 
represent cold water while green represents warmer water. Just as Canada is cooler than Florida, 
water off the coast of Canada is cooler than water off the coast of Florida. This north-south gradient 
is seen clearly in the image. This image also shows a current that brings warm water from the south 
up to the north. This current is called the Gulf Stream; it moves north along the coast of Florida and 
then tums eastward off of North Carolina flowing to the north-east across the Atlantic. It is one of 
the strongest currents in the ocean with an average velocity of 1 m/s (3 fUs). 

This image also shows that the Gulf Stream does not follow a straight path. It has many twists and 
tums called meanders. A meander is charecterised by its wavelength (the distance along the stream 
from one wave crest to the next), and its amplitude (the distance perpendicular to the stream 
between the wave crest and trough). If a meander becomes really sharp, it may pinch off and form 
what is called a ring. This is much like the formation of an oxbow lake by a river. Rings can be 
formed either to the north or to the south of the stream. For those rings formed to the north, the 
water in the center of the ring is warmer than the surrounding water and thus such rings are called 
warm core rings. For those rings formed to the south of the stream, the center contains water that is 
cooler than the surrounding water and they are called cold core rings. In this image you can see one 
warm core ring and two cold core rings. If you are unsure what a ring looks like, look at the next 
image from a different time in which the rings are labeled. 

This image is a close up of part of the Gulf Stream. The rest of the images 
will cover this same region and will be color-coded in the same way. In this image the core of the 
Gulf Stream ranges between 25 and 28 deg C (77 and 82 F). The yellow water below the stream is 
about 23 deg C (73 F) and the green water off Long Island is about 14 deg C (57 F). The blue water 
around Nova Scotia is about 5 deg C (41 F)! The black line shows where the ocean is 1000m deep, 
(water shoreward of this line is less than 1000 meters deep and water seaward of this line is more 
than 1000 meters deep ). This is usualy taken to be the edge of the continental shelf. 

In most of the images to follow we will see a problem with collecting data from a satellite. A thick 
cloud blocks all the the radiation and we get no data (shown on these images as white). Butperhaps 
more confusing, a thin cloud only blocks part of the radiation, making the water appear cooler than 
it actually is. Since there are usually clouds in the sky, we usually lose some data. One way of 
dealing with this problem is to combine 2 images taken close together in time. Since clouds always 
make the water appear cooler, a third image is made using the warmer of the two values at each 
point. If the two images contain clouds at different spots, the third image will contain few clouds. 
More than two images may be composited in the same fashion. 
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