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Abstract

In this thesis new methodologies of remote sensing will be described. The main thesis focus
consists of two parts, the first part deals with the new methodology of atmosphere dynamic
effects (rain, clouds) sensing. The methodology is based on evaluation of brightness tem-
perature variance. Next, methodology of fire remote detection and it’s properties from the
microwave point of view is proposed. Fire emissivity, other properties and environmental
parameters are examined and described.
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1 Introduction

Remote sensing methods have been and continue to be developed over the last few decades
with rapidly increasing technical maturity. Throughout history, the surrounding world was
perceived using simple methods whereby humans interacted directly with nature. Short-
range fields (temperature, acoustic) were observed and investigated, and subsequent at-
tempts to make sense of the observations focused on objects more and more remote from
the Earth’s atmosphere such as planets and stars rather than the closest space object, the
Moon. Since direct sensing of these objects is either extremely difficult or impossible, it is
only by measuring long-range fields that these remote objects can be effectively examined.

One of the first remote sensing attempts was done by Gaspard-Félix Tournachon. Tour-
nachon first made pictures of Earth, essentially Paris, from a balloon. Since that time, 1858,
when the images of Paris were distributed, mankind has gone on to such bold and daunting
projects such as the launching of the Plank probe, in 2009, by the European Space Agency
[1]. The probe is equipped with state-of-the-art radiometers which scan the temperature
of the universe in three frequency bands from 30 GHz to 70 GHz [51].

The electromagnetic field is the most convenient means of conducting remote sensing
and most widely used for sensing a wide-frequency spectrum allows scientists to observe
the object from various points of view – in terms of sensing various states and process by
one quantity .

Currently, new types of radiometers have been developed allowing us to integrate them
with more complex measurement systems. Together, with the miniaturization of radiomet-
ric systems thanks to MEMS devices and system-on-chip technologies, radiometry boasts
a new perspective for remote sensing from satellite, airborne or ground-based scanning.

New methodologies of remote sensing will be described in this thesis. Since the instru-
mentation for remote sensing is accessible and well developed, opportunities to propose new
methodologies of measuring and datamining that are crucial in current research abound.

The main aim of this doctoral thesis is to propose new methodologies of remote sensing.
The thesis is focused on currently used radiometric methodologies in remote sensing of the
terrestrial atmosphere, and, fire detection and localization. The thesis is organized as fol-
lows. Following the introduction a theoretical background of remote sensing is introduced
the second chapter; Principles and fundamental laws are explained first with currently
used radiometeric concepts also being presented. In the third chapter, state-of-the-art re-
mote sensing is discussed with general methodologies of ground-based atmosphere sensing
highlighted, followed by a discussion of measuring atmospheric profiles. In relation to at-
mospheric profiles, precipitation detection and prediction is discussed. The second part of
the third chapter is focused on methods of fire detection. In the fourth chapter the thesis
objectives are proposed and defined. The main thesis focus consists of two parts: the first
part deals with the new methodology of atmosphere dynamic effects (rain, clouds) sensing
and is described in chapter 5. Next, the chapter 6 describes the methodology of remote fire
detection and its properties from a microwave point of view.
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2 Theoretical Background of Radiometry

2.1 General Principles of Radiometry

In this chapter, fundamental laws describing emissive properties of an object of any physical
nature will be investigated. Only macroscopic scales and points of view will be considered.
All physical objects that have a physical temperature higher than absolute zero emit a
fluctuating electromagnetic field. Since there is non-zero internal energy, transitions be-
tween vibration-rotation levels of gas molecules, oscillations of molecules in liquids and in
lattice of solid bodies can occur. This radiation has quantum characteristics and cannot
be satisfactory explained by classical Maxwell equations but by quantum theory as the
radiation is emitted over a wide-frequency spectrum – mainly in radio and optic bands.

A strong relationship between radiation can then be recorded and the internal ther-
mal structure of a body allows us to express the fundamental theorem: The fluctuation-
dissipation theorem (FDT). Two approaches important for remote sensing are mentioned
[42] [16] [47] [6].

2.1.1 Fundamental Laws

The first approach is the quasi-stationary FDT approximation called the Nyquist formula.
H. Nyquist used an existing physical concept of a random electromotive force (emf) local-
ized in an active circuit. He showed that the spectral intensity (Wiener’s spectrum) G+(f)
of the fluctuating emf localized in a passive circuit is

G+(f) = 4kT Re Ż(j2πf) (2.1.1)

where Ż(j2πf) is impedance of the passive two-port circuit, k is the Boltzmann con-
stant and T is the absolute temperature. The (2.1.2) gives the spectral intensity in the
unit intervals at positive frequencies. It is valid in the non-quantum band of frequencies
and temperature ranges, assuming hf�kT . The final equation, the quantum-mechanical
generalized formula which is valid for low temperatures and high frequencies, hf > kT is
shown as follows:

G+(f) = 2hf coth

(
hf

2kT

)
Re Ż(j2πf) (2.1.2)

The theory of thermal fluctuations in electrodynamics arguably represents on of the most
important applications of general theory of thermal radiation for macroscopic objects.

The second approach is geometric and optical based approximation: the Kirchhoff law.
which considers states as thermodynamic equilibrium and detailed balance. The main idea
of the Kirchhoff law posits that an object at thermal equilibrium has equal emissivity and
absorptivity. The most simple expression of the Kirchhoff law is in the relation

1− ε = R (2.1.3)
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In (2.1.3) the parameter ε stands for emissivity and R for reflectivity.
At first, emissive ability is investigated as the characteristic, emissive ability of a real

physical object depends on many factors such as its temperature, physical and chemical
composition, geometrical structure, surface roughness etc. The wavelength that corresponds
to emitted radiation and the angle at which the radiation is emitted are the most inter-
esting factors to note. For remote sensing the last two factors are crucial – to know the
emissive ability in a required direction and the emissive ability at various wavelengths.
These characteristics are called angular characteristics and directional characteristics. The
directional emissivity is defined as follows (2.1.4).

κf (r, T, f,Ω, . . . ) =
If (r, T, f,Ω, . . . )

IfB(T, f)
(2.1.4)

The directional emissivity is defined as the ratio of the spectral intensity of a real
surface If (r, T, f,Ω, . . . ) to the black-body intensity IfB(T, f) at the same temperature
and wavelength. The spectral emissivity depends on the body’s temperature, physical and
chemical composition, intrinsic geometrical structure, roughness etc. The (2.1.4) is the
most general because it includes wavelength, temperature and direction dependencies.

Since emissive ability is described, absorbing ability follows. The absorbing ability of
a body is the ratio of radiation flux absorbed by a body and radiation flux falling on
the body. The spectral distribution of the incident energy is independent of temperature,
physical properties of the body, or surface properties.

The general equation defining spectral radiation intensity Iv(r,Ω, t) is defined with the
following limit (2.1.5).

If (r,Ω, t) = lim
dA,dΩ,df,dt→0

[
dEf

dA cos Θdfdt

]
(2.1.5)

The directional absorptivity αf (r, T,Ω, . . . ) is the ratio (2.1.6) of the spectral intensity
of absorbed radiation Ifa(r, T, f,Ω, . . . ) to the spectral intensity of incident radiation at
specified wavelength and direction If0(r, T, f,Ω, . . . ).

αf (r, T, f,Ω, . . . ) =
Ifa(r, T, f,Ω, . . . )

If0(r, T, f,Ω, . . . )
(2.1.6)

The complex Kirchhoff law relates the abilities of emitting and absorbing of energy by
a physical body [41]. In the case of microwave sensing, the directional properties of the
Kirchhoff law are necessary. From these equations (2.1.5 and 2.1.4) the energy radiated by
a surface element from dA in the frequency band df within the angle dΩ and over the time
period dt can be calculated by relation (2.1.7).

dEf = κ(r, T, f,Ω, . . .IfB(T, f)dA cos ΘdΩdfdt (2.1.7)

It should be mentioned that the temperature T is considered as constant and isothermal
at the element dA. When the ideal object is a black, closed cavity at temperature T
the incident radiation intensity on the element dA in direction Ω is equal to IυB(T, υ).
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Considering isotropical radiation in an ideal cavity, fluxes of absorbed and emitted radiation
(2.1.6) (2.1.7) is equal and the relation (2.1.8) is valid.

κf (r, T, f,Ω, . . . ) = αf (r, T, f,Ω, . . . ) (2.1.8)

The equation (2.1.8) posits relationship between the fundamental properties of physical
substances and is valid without limitations for all media in a state of thermodynamic
equilibrium. To complete the contemplation, the Kirchhoff law can be applied even in
situation when the thermal radiation is not in ideal equilibrium but cannot be applied in
cases when the thermodynamic equilibrium conditions are strongly disturbed.

2.1.2 The Planck Law

In accordance with quantum statistic principles, a spectral volume density of radiated
energy can be expressed by calculating the equilibrium distribution of photons, considering
radiation where the field entropy is at maximum. For a gaseous medium, we can employ
the Planck formula (2.1.9).

uf (T )df =
8πhf 3

c3

1

[exp(hf/kT )− 1]
df (2.1.9)

where k stands for the Boltzmann constant. For remote sensing usage another radiation
field characteristic, spectral radiation intensity, is suitable. The spectral intensity of a black-
body radiated into transparent medium can be expressed by the formula (2.1.10).

If (T, f) =
2hf 3n2

c2
0

1

[exp(hf/kT )− 1]
(2.1.10)

In (2.1.10) the n means refractive index. The black-body radiation is n2 times big-
ger than when emitting into a vacuum. By using wavelength instead of frequency, and
considering refractive index independent on the frequency, the formula (2.1.10) turns into
(2.1.11).

Iλ(T, λ) =
2hc2

0

n2λ5

1

[exp(hc0/nλkT )− 1]
(2.1.11)

For remote sensing applications (radiometry, radioastronomy) an expression represent-
ing the amount of radiation energy emitted by the unit area of the black-body surface, at
temperature T per unit time, in all directions, would be more appropriate. This relation is
expressed in (2.1.12).

qλ(T ) =
C1

n2λ5

1

[exp(C2/nλT )− 1]
(2.1.12)

Quantities

C1 = 2πhc2
0;C2 =

hc0

k
(2.1.13)
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are called first and second radiation constants. In Fig. 2.1 the spectral distribution of
the surface density of a monochromatic black-body radiation flux qλ(T ) is depicted. It is
the result of the formula (2.1.12) for n = 1. Wavelength dependencies of radiation flux for
several values of absolute temperature are depicted.

Figure 2.1: Hemispherical spectral radiation flux of black bodies for some values of tem-
perature at specific wavelengths. Values of radiation flux maxima are marked by a dashed
line [42].

Increase of the radiation energy with increasing temperature at all wavelengths is ob-
vious. The next particularity is when the maximum of the spectral surface density of
radiation flux is closer to shorter wavelengths with increasing temperatures. A conclusion
can be derived: energy of radiation emitted at the short-wave extremity of the frequency
spectrum increases in temperature faster than the energy of radiation corresponding to
longer wavelengths. The result of the Planck law for energy distribution in the black body
spectrum is the maximum value of the intensity of radiation which is emitted by a physical
body at specified temperature and wavelength [51].

2.1.3 The Wien radiation law

The Planck law can be divided by a fifth power of temperature – the result is a more
suitable form of equation (2.1.14) to avoid constructing curves for each temperature.

(qλ(T, λ)/T 5) =
πIf (T, λ)

T 5
=

C1

(λT )5

1

[exp(C2/λT )− 1]
(2.1.14)
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When exp(C2/λT ) > 1 the equation (2.1.14) can be reduced to the simple expression
(2.1.15).

If (T, λ)

T 5
=

C1

π(λT )5

1

exp(C2/λT )
(2.1.15)

This equation is the Wien radiation law. In the range of λT < 3000µmK the expression
causes maximal error in the limit of 1 %.

2.1.4 The Rayleigh-Jeans Radiation Law

The next approximation of the Planck’s law can be obtained by developing the denominator
in (2.1.14) into the Taylor series. When λT > C2, the series can be simplified by the second
term of expansion and the equation (2.1.14) turns into to form (2.1.16).

If (T, λ)

T 5
=

C1

πC2

1

(λT )4
(2.1.16)

This form of Planck’s law is known as the Reyleigh-Jeans radiation law and the max-
imum error of this formula is up to 1 % for the values of λT greater than 7.8 × 105µmK.
This range is out of the range usually considered in IR thermal radiation but can be suc-
cessfully applied within the radio-frequency band. The frequency form of this equation is
more convenient (2.1.17) and widely used.

Iv(T, f) =
2f 2

c2
0

nkT =
2f 2

c2
0

nkT (2.1.17)

2.1.5 The Wien Displacement Law

The next quantity that should be mentioned is the wavelength λm to which the maximum
surface density of and radiated energy flux correspond. It is the point marked by the dashed
line in Fig. 2.1. A maximum of emitted energy flux is moved to shorter wavelengths with the
increasing temperature. The transcendental (2.1.18) equation is obtained by differentiating
the Planck function and by equating to zero.

λmT =
C2

5

1

1− exp(−C2/λmT )
(2.1.18)

The (2.1.18) has a solution (2.1.19).

λmT = C3 (2.1.19)

The solution (2.1.19) is the Wien displacement law. The constant C3 = 2.89776 ×
10−3m·K. When considering the black-body radiation into a transparent medium with
refractive index n the Wien law turns into this equation (2.1.20).

nλm,nT = C3 (2.1.20)
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In (2.1.20) λm,n means wavelength at which the radiation is in transparent medium
maximal. By substitution of the wavelength from the Wien law (2.1.19) into Planck’s
equation (2.1.14), the expression (2.1.21) is obtained.

Iλ(T, λm) = T 5 C1

πC5
3 [exp(C2/C3)− 1]

(2.1.21)

Stemming from this relation comes the fact that the maximum value of radiation in-
tensity increases with the fifth power of temperature.

2.1.6 The Stefan-Boltzmann Law

The last approximation of Planck’s law is the Stefan-Boltzmann law. By integrating an
amount of radiated energy qλ over all wavelengths, we obtain the total black-body radiation
flux q(T ), the equation (2.1.22).

q(T ) =

∫ ∞
0

qλ(T, λ)dλ =

∫ ∞
0

qf (T, f)df = π

∫ ∞
0

If (T, f)df = n2σT 4 (2.1.22)

In (2.1.22) the Stefan-Boltzmann constant σ is equal to the expression (2.1.23).

σ =
2π5k4

15c2
0h

3
(2.1.23)

Using equation (2.1.22) the total power emitted by a body from 1 square meter at
room temperature can be calculated. With the (2.1.17) (Reyleigh-Jeans law) the total
power emitted by a body from 1 square meter at T = 300 K within the radio-frequency
up to 1011 Hz can be calculated.

2.2 Radiometer Systems and Principles

Basic techniques and concepts of measuring thermal electromagnetic fluctuation radiation
are described in this chapter. Theoretical fundamentals were explained in the previous
chapter. Notions from practical remote sensing field are explained, as well as a description of
systems determined for passive remote sensing. The concept and methodology of measuring
by radiometers will be stated.

The procedure of remote sensing of spectral density consists of three basic components:

• Linear frequency filtering, parameters depends on physical features.

• Nonlinear quadratic signal transformation.

• Temporal accumulation of the measured signal determined for separating the constant
component of the transformed signal.
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At first, a short overview of spectrum characteristics should be mentioned. Signals com-
ing from space have various forms of thermal radiation spectra. Signals can be white noise
and may have a complicated spectrum of gas media radiation. In Fig. 2.2 the qualitative
spectrum of electromagnetic emissions is depicted. It is shown in brightness temperature
scale over a wide wavelength range. A basic characteristic of various radiating objects can
be seen on optical band wavelengths up to the kilometer band: The approximate bright-
ness temperature. The shortest wavelength has radiation from the Sun and Earth. This
is followed by thermal radiation of gases. The gas absorption spectrum consists of a high
number of narrow and sharp spectral lines. This is determined by the quantum character
of the gas radiation intensity.

Figure 2.2: The Qualitative picture of the spectrum of electromagnetic emissions and arti-
ficial radiations [42].

From the qualitative overview of the spectrum (Fig. 2.2) of electromagnetic emissions
and artificial radiation, the importance of primary signal filtering is apparent. The whole
spectrum can be divided in two parts: i) the broadened continuum part of the continuous
spectrum; and ii) the many-line absorption spectrum. Radiometers are working in both
modes, the continuous spectrum radiometers and multichannel radiometer-spectrometers.

In accordance with the spectrum character, the concept of radiometric measuring sys-
tems can be implemented in two forms. The first form is an analogue, multichannel, filter
system as seen in Fig. 2.3. Every frequency channel is filtered, amplified and recorded
separately.

The second radiometer concept is the auto-correlation receiver. This type of radiome-

8



Figure 2.3: Analogue multichannel filter system receiver [42].

ter produces an auto-correlation function transformed by Fourier transformation to a fre-
quency spectrum. It is based on the decomposition of the time sequence of a basic signal
in accordance with the multichannel scheme. The principal diagram is shown in Fig. 2.4.

Figure 2.4: Autocorrelation receiver [42].

The increasing time delay is applied to each channel with a subsequent multiplication
of the basic and delayed signals which are time-averaged. The instrument forms discrete
values of the auto-correlation function and transforms it to spectral density by Fourier
transformation to the original signal.

Both approaches are equally useful, but it depends the concrete application determines
which is preferable.

2.2.1 Radiometer Receiver

The thermal radiation system should fulfill following criteria:

• Receive thermal electromagnetic radiation at specified frequency band from specified
direction.

9



• Measure the signal with high sensitivity to record the thermal variation of physical
objects.

• The possibility to assign measured radiation to the spatial coordinates of correspond-
ing emitting objects.

With regard to the aforementioned criteria, the system should include the following
components:

• An antenna system converting electromagnetic waves from free space to a measurable
signal to ensure the observation of an object or surface.

• Radio-thermal receiver allowing measuring of the signal with good sensitivity and
required accuracy.

• A preprocessing device that controls the antenna system, data acquisition, calibration
and recording of the data.

• A system processing measured data that allows required post-processing.

The simple principal diagram of the receiver is depicted in Fig. 2.5.
The antenna system transforms electromagnetic waves from free space into modes and

oscillations of electromagnetic waves in transmission lines. The antenna should rectify the
wave resistance of free space to guiding systems. A convenient transmission line should
be considered to determine whether a coaxial or waveguide is more appropriate for par-
ticular system. The antenna system properties are also crucial from the point of view of
spatial-angular scanning. In each resolution element the system should receive a signal
with a specific, required polarization. The last basic requirement of the antenna system is
homogeneous frequency response over the measured band.

Figure 2.5: General radiometer system principal diagram [42].

The radiometric system usually consists of a high-frequency low noise amplifier, a
quadratic device and a low frequency filter. The amplifier amplifies the signal from an
antenna to a quadratic transformer in the specified frequency band that correlates to the
object under observation.

The object under observation, the source of radiation, has an internal resistance which
corresponds to the energy received by the antenna system. The character of received signal
can be described by a Gaussian random process with a variance value that corresponds to

10



the intensity of the measured signal. In accordance with the Nyquist theorem, the noise
signal is similar to the signal of a complex resistance Ż(j2πf). Considering the equation
(2.1.1) with impedance strictly resistive, the noise signal variance is expressed in (2.2.1).

σ2 = 4kT0R∆f (2.2.1)

Assuming perfect matching conditions – equality of the source resistance and the input
resistance, the well known Nyquist formula is expressed as (2.2.2).

Pmax = kT0∆f (2.2.2)

The formula (2.2.2) can be modified to the equation that will include input and output
quantities as

P = kBG(TA + TN) (2.2.3)

where k stands for Boltzmann constant, B for bandwidth, G for the amplification factor
of the system, TA for input temperature of the receiver (radiometer) and Tn stands for the
noise added by the receiver itself. The Tn is independent of TA and cannot be separated
later. Considering the added noise, the sensitivity formula is expressed as

∆T =
TA + TN√
B · τ

(2.2.4)

where the τ stands for time period over which is the signal integrated (time averaging).

2.2.2 The Total Power Radiometer

Since the basic principles of the remote sensing instrumentation and methodology were
explained, particular radiometric receivers can be introduced. The first, and simplest,
radiometer is the Total Power Radiometer (TPR). The TPR consists of only an input
frequency filter for frequency band selection, a detector (linear or square-law) and an inte-
grator [17] [44] [26] [48]. Presently the square-law detector is preferred. The signal is finally
smoothed by an integrator – to reduce potential fluctuations. In Fig. (2.6) the principal
diagram of the TPR is depicted.

Figure 2.6: Total power radiometer principle diagram [44].
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This type of radiometer is useful in applications where periodic and frequent calibrations
can be done. The sensitivity of the TPR is expressed in (2.2.5).

∆T =
TA + TN√
B · τ

(2.2.5)

2.2.3 The Dicke Radiometer

The Dicke radiometer does not directly measure antenna temperature, but the difference
between the antenna and some reference with a known temperature [17] [44] [58] [48].
The input of the radiometer is switched in turns between the antenna and the known
reference. The switching frequency is usually in the order of 1 kHz to units of Hertz or
slower depending on the application. The output of the square-law detector is multiplied
by +1 or -1 with the switching frequency after the integration of the multiplied signal. The
principal diagram of the Dicke radiometer is shown in Fig. 2.7.

Figure 2.7: The Dicke radiometer principle diagram [44].

In the Dicke radiometer, TN is eliminated, but the gain is lower [44]. The radiometer
in the Dicke design is more stable and immune to instabilities but because of integration
switching time is shortened to half of the original period, this leads to decreased sensitivity.
The sensitivity of the Dicke radiometer is expressed in (2.2.6).

∆T =
TA + TN√
B · τ/2

(2.2.6)

2.2.4 The Noise-Injection Radiometer

The noise injection radiometer is based on the Dicke design with a servoloop added. Ad-
ditional noise is introduced to the signal channel, yet the signal has same characteristics
as the input signal. The intensity of the injected noise signal is in sum with input noise
equal to the value of the reference temperature. Such measurements are referred to as null-
balancing techniques. The intensity of injected noise is controlled by the servoloop. Thus,
the noise injection radiometer is immune to gain and noise fluctuations [44] [12] [48]. The
principal diagram of the noise injection radiometer can be seen in Fig. 2.8.
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Figure 2.8: The noise-injection radiometer principle diagram [44].

The sensitivity of the noise-injection radiometer is expressed in (2.2.7).

∆T = 2 · TA + TN√
B · τ

(2.2.7)

2.2.5 Correlation Radiometer

The correlation radiometer is essentially a multichannel system and the two brightness
temperatures are measured, as well as the correlation between them [37]. This can be
used in a polarimetric radiometer [44] [12] [20] where vertical and horizontal brightness
temperature are measured with their correlation to find Stokes parameters. In addition,
an interferometric radiometer can be based on a correlation radiometer. The radiometer
consists of two channels which are processed in the same way as in the Dicke design, but
there is an additional feature: the complex correlator into which a signal is fed before
detection and the real and imaginary parts of cross-correlation between the two signals is
obtained. The principal diagram is shown in Fig. 2.9.

Figure 2.9: The cross-correlation radiometer principle diagram [44].
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2.2.6 Other Radiometer Types

Basic radiometer systems and concepts have been described. Other types of radiometers are
more or less combinations of previously mentioned types, though, an interesting concept
is the Hybrid Radiometer [44] which works on the Dicke principle but with a direct A/D
converter after signal detection. Integration and all subsequent processes are calculated by
a processor, typically an FPGA (Field Programmable Gate Array). In Fig. 2.10 the simple
principal diagram is shown.

Figure 2.10: The hybrid radiometer principle diagram [44].

Other types of radiometers may have more than one reference, or, be a more complicated
combination of the Dicke and noise-injection radiometers. Furthermore, the total power
radiometer can be modified to obtain better gain stability, but all other possibilities are
the result of a compromise between accuracy, sensitivity etc.

3 State of the Art in Radiometric Remote Sensing

Rainfall is a key part of the hydrological cycle and much research has been conducted over
a very long time. Precipitation (especially in the form of rainfall) is accompanied with heat
release which drives a significant part of this cycle – the circulation of the atmosphere and
water. Because of the diversity of the Earth’s surface, rain events should be examined with
regards to the characteristics of the surroundings. Rainfall corresponds to various types of
surfaces over which are different characteristics such as tropical rain events above forests
and different rain events appears above the ocean surface. In this thesis, precipitation above
solid land will be primarily examined.

Various types of communication links have been developed in the information age and
many today are wireless [60]. All these links and their reliability can be affected by atmo-
spheric events related to rainfall or cloudiness. These atmospheric events can be observed
by hydrometeorological radars or satellite cameras with satisfactory results and accuracy.
With the radiometer these events can be examined from a different point of view: local
parameters can be observed more accurately and precisely with a ground-based radiometer.
This is the motivation for research in this branch. New, faster and more sensitive wireless
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links are being used and thanks to remote sensing of the atmosphere, reliability is kept at
a high level.

3.1 Ground Based Sensing of Atmosphere

Passive atmosphere sensing is mainly performed in the visible part of the spectrum, as
well as in infrared and radiofrequency bands. Visible and infrared waves radiated upwards
from clouds are often reflected and emitted by top cloud layers and insufficiently correlated
to the microphysical structure of clouds below the top layer. This is the reason why the
visible/infrared information cannot be used satisfactorily for rain detection and prediction.
Clouds are mainly related to rainfall in convective systems.

3.1.1 Atmospheric Models

The composition of the atmosphere has a significant influence on radiated and received
thermal fluctuation signals within the terrestrial atmosphere.

F. Barbaliscia measured atmosphere brightness temperature over four years [7] to obtain
a statistical model of the atmosphere, brightness temperature and water content in Italy.
The measurements were performed at two frequencies, at 23.8 GHz and 31.4 GHz.

Figure 3.1: Cumulative distributions of zenith brightness temperature at 23.8 GHz and
31.4 GHz, avarage over 4 years [7].
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In Fig. 3.1 cumulative distributions of zenith brightness temperature at two frequencies
are depicted. There are two regions in the Figure 3.1, the first being the part of the curve
measured below 1 % of the period of measurement. This is when heavy rain clouds were
sensed or rain events occurred. The other part of the curve corresponds to the remaining
time where no clouds were present in the area. The lower signal (at 23.8 GHz) is more
sensitive to liquid when the water vapor absorptive process is dominant. At the higher
frequency, the 1 % period, clouds are more dense thus increasing brightness temperature
over 150 K.

Since the atmosphere contains water vapor and liquid water which have a significant
influence on thermal radiation, knowledge of the statistical model of water distribution is
useful. The cumulative distribution of retrieved and calculated integrated water vapor is
shown in Fig. 3.2.

Figure 3.2: Cumulative distributions of retrieved and calculated integrated water vapor [7].

Thanks to the dual-channel measurement the water vapor and integrated liquid water
along the measured integration path could be calculated. Both can be expressed directly in
kgm−3. The calculation can be done just by wighting function for both measured brightness
temperature. For such measurement and calculation one channel of the radiometer must
be sensitive to the water vapor and the second one to the liquid. For the full explanation
and calculation see [7].
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3.1.2 Atmosphere Profiles

In the previous chapter, atmospheric characteristics were described. In this chapter the cur-
rent state of atmospheric profiling and sensing of cloudiness is described. For atmospheric
exploration, the radiometric profiler is usually used [8] [11] [25]. Profiling is generally done
to obtain water vapor content which is related to other hydro-meteorological events that
are investigated in this thesis.

Theoretical insight into atmospheric profiling was proposed by Vivekanandan [30] [54].
With knowledge of some meteorological parameters, temperature and a subsequent water
vapor profile can be obtained. The first approximation of the temperature profile is shown
in this relation (3.1.1).

T (z) = TA − Γz (3.1.1)

In (3.1.1) TA and Γ stands for near-ground temperature and lapse rate respectively. TA
and Γ can be directly calculated from radiometric-radiosonde observations by (3.1.2) and
(3.1.3).

TA = 4T − 6Tσ (3.1.2)

Γ =
6

H
[T − 2Tσ] (3.1.3)

In equations mentioned, H stands for thickness of the lower atmosphere and T and Tσ
are the mean and first moment of the temperature profile:

T =
1

H

∫ H

0

T (z)dz (3.1.4)

Tσ =
1

H2

∫ H

0

zT (z)dz (3.1.5)

For the vapor density profile characterization the vapor scale height (Hυ) and integrated
vapor column are used. The water vapor density profiles are generally approximated by
the exponential function (3.1.6):

ρυ =
V

Hυ

exp
(
− z

H

)
(3.1.6)

where V stands for the water vapor content (3.1.7) and vapor scale height is (3.1.8).

V =

∫ H

0

ρυdz (3.1.7)

Hυ =

∫ H
0
zρυdz∫ H

0
ρυdz

(3.1.8)
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Water vapor profiles expressed by (3.1.6) can be used for radiative transfer models
of ground-based radiometers. The parameters V and Hυ can be obtained directly from
radiometric measurements.

In [55] [56] atmospheric profiles, in accordance with previous theoretical insight, were
investigated by a microwave radiometer. A radiometric profiler working on water vapor
frequency channels was used for temperature and humidity soundings measurements. By
fitting the shape of the water spectral absorption line, information related to the vertical
distribution of water vapor can be obtained . Atmospheric profiles measured in 2001 by
R. Ware are in Fig. 3.3. For comparative purposes, radiosondes were released to correlate
results. Data measured by radiosonde and by radiometer are depicted with a strong, visible
correlation. Next, measuring campaigns were measured by Cimini [11], Chan [10], Marzano
[34] [36] and by Baxter [8] but mainly for locations other than central Europe with other
atmospheric characteristics.

Figure 3.3: Temperature and vapor soundings measured by a radiosonde (solid line) and
radiometer (dashed). Measured at Lindenberg, Germany [55].

3.1.3 Precipitation Sensing

Having an atmosphere model and profiles, precipitation sensing and prediction can be inves-
tigated. In 1999 J. Guldner performed water vapor sensing via a ground-based radiometer
over a 1-year period. Guldner proposed findings from measuring precipitable water vapor
(PWV) and cloud liquid water (CLW) [24]. The data were measured in central Europe.

A pure state of the art precipitation detection and prediction model by a microwave
ground-based radiometer was performed by H. Y. Won [59]. To estimate rainfall occur-
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rence and intensity, a ground based microwave radiometer was used. Ordinary upper-air
observation provided by a radioprobe 2 times a day cannot satisfactory substitute local on-
line monitoring recording short-time precipitations. By statistical evaluation of measured
brightness temperature, Guldner measured PWV and CLW increase of in a 30 minute time
interval of before the rain started. Guldner measured the brightness temperature at two
channels, 23.8 GHz and 31.4 GHz respectively. The band close to the water vapor spectral
line is more sensitive to PWV, and the second band is more sensitive to CLW. Simultane-
ous determination of PWV and CLW was performed by the linear equations (3.1.9) and
(3.1.10).

PWV = c0 + c1τυ1 + c2τυ2 (3.1.9)

CLW = d0 + d1τυ1 + d2τυ2 (3.1.10)

In equations mentioned τυ stands for the frequency-dependent total atmospheric optical
depth as the sum of the optical depths of water vapor, liquid water and dry air. The τυ is
expressed by (3.1.11).

τmr,υ = ln [(Tmr,υ − Tb0)(Tmr,υ − Tbυ)] (3.1.11)

In (3.1.11) Tbυ means measured sky brightness temperature at frequency υ and Tmr,υ is
the mean radiation temperature of the atmosphere. The Tmr,υ quantity can be expressed
by (3.1.12):

Tmr,υ =
1

1− exp[−τυ]

∫ τυ

0

T (z) exp[−τυ(z)]dτυ(z) (3.1.12)

where Tbυ is the cosmic background brightness temperature of 2.73 K.
The obtained results of PWV and CLW are depicted in Fig. 3.4 and 3.5 respectively.

Deviations from the 2-h mean are used.
In the Gueldner’s work Won continues with his precipitation prediction by a ground-

based radiometer [59]. Won has used microwave radiometer that measures 8 water vapor
channels in the K-band and 14 oxygen channels in the V-band. Data are converted by the
Planck law. In the mission surface meteorological parameters (temperature, relative hu-
midity and pressure) were measured. Also an infrared thermometer is used for water vapor
and liquid water profiles measurements in the new method. Since the brightness temper-
ature is the primary measured parameter and PWV and CLW are secondary parameters
with worse accuracy only the brightness temperature is considered in the algorithm.

Predictability of precipitation events can be proved by using 15-minute moving data
accumulation. If in the 15-minute interval a statistically significant rainfall is detected, it
is considered as the rain event. Two datasets are used of the analysis – rain record data
set (RR) and no-rain record (NR) dataset. When an event occur and another one occur
within 2 hour period after the first one, it is regarded as the same event. The 2-h interval
is generally used to keep preceding time long enough. If the longer interval is used, fewer
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Figure 3.4: Deviation of PWV from corresponding 2-h mean before precipitation in summer.
The solid line is linear regression for 30 minutes interval [24].

Figure 3.5: Deviation of CLW from corresponding 2-h mean before precipitation in summer.
The solid line is linear regression for 30 minutes interval [24].

number of events will be recorded. Brief diagram of the rain event definition is in Fig. 3.6.
Seasonal and weekly dependences of the measured data are eliminated by taking RR and
NR from data time-shifted by 7 days.

Typical results of Won’s method are depicted in Fig. 3.7 and in Fig. 3.8 respectively.
In figures averaged differences of brightness temperature in period of 2 h before the rain
starts can be seen. The difference of RR and NR graphs is obvious.
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Figure 3.6: A diagram for the definition of rain events and no-rain period. Triangles means
15 minute interval from the automatic weather system [59].

Figure 3.7: Time averaged brightness temperature differences in 2-hour period before the
rain event. RR datasets measured at water vapor frequency channels are used [59].

From the pictures above can be seen that the brightness temperature is widely dis-
tributed. In other frequency channels has the distribution of measured brightness temper-
ature even bigger variation. So the water vapor RR and NR datasets are used as a factor
for rain events prediction as well as the other bands. As a functional proof of this method
the correlation between the brightness temperature and rainfall amount can be calculated.
In Fig. 3.9 a gradual increase of lagged correlation coefficient is depicted. The main growth
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Figure 3.8: Time averaged brightness temperature differences in 2-hour period before the
rain event. NR datasets measured at water vapor frequency channels are used [59].

is 30 minutes before the rain, as can be also in previous Fig. 3.7.

Figure 3.9: The lagged correlation coefficient between the measured brightness temperature
differences and precipitation amount at three frequency channels [59].

3.1.4 Conclusion

There is a lot of research groups that are recording brightness temperature at various
frequencies and several approaches are used in order to detect and forecast rain. The most
similar solution of the rain forecasting proposed Won’s research group but unfortunately
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it is in the early stage with minimal validation. Other research groups are mostly using
multi-frequency sensing by a radiometer at the water absorption frequency to obtain the
liquid and water vapor content in the sensed area.

3.2 Methods of Remote Sensing in Case of Fires

As well as the atmosphere being studied to detect and predict undesirable atmospheric
effects, fires can be sensed by measuring thermal radiation too. Every year thousands of
square kilometers are destroyed by forest fires causing huge damage to the environment
and people. A variety of fires can be distinguished: fires in buildings, open space fires, fires
of dangerous chemicals etc. Detecting fire by radiometry is has great potential. Current
fire detectors, from a remote sensing point of view, are based on infrared satellite sensors,
though problems exist as infrared sensors may not detect fire hidden under vegetation or
other forms of coverage. Since microwaves can penetrate the vegetation layer, which is
opaque for visible or IR radiation, radiometers can be successfully used.

3.2.1 Fires Detection

Radiometers for the purpose of fire detection are well designed by the group of F. Alimenti.
Alimenti has designed several radiometers for various purposes [27], [3], [5], [50] and the
ability to detect a fire was proved. The ability of fire detection was performed by mea-
suring of the open wood fire. For this purpose the microwave radiometer was developed.
The working frequency was 12.65 GHz with the bandwidth of 100 MHz. A low-cost ra-
diometer was used to measure thermal radiation in accordance with the European standard
EN54. The standard is used to certify optical and temperature fire detectors. The standard
alse describes the fire sizes and types in order to simulate the wild fires etc. Materials of
the fuel is mentioned as well. In the Fig. 3.10 the course of experiment is depicted.

Figure 3.10: Measured brightness temperature of a wood fire. Experimental procedure
performed to prove ability of fire detection in accordance with EN54 standard. The signal
dropouts are caused by the radiometer calibration [3].
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The brightness temperature increase was from 0.2 dB to 1.5 dB for various solid fuels
used in the experiment. No dependency of the used frequency in the range of chosen band
was observed. Thus, there is no strong requirement on the frequency band. Also the bright-
ness temperature differences are more important than the absolute value of temperature
so the calibration of the radiometer is not essential in this application.

Possibility of using radiometric spectroscope was considered but the increase of radiated
power is not significant enough. A liquid fuel, the most frequent source of fire, causes the
increase only of 0.2 dB [3]. The resolution requirements in comparison with a solid fuels
would lead to high price of the instrument. Thus the low-cost radiometers cannot be used
for the spectroscopy exploring.

The outdoor measurement to detect a fire by the radiometer can be performed. An ex-
ample of the measurement in Fig. 3.11. The increase of the brightness temperature is
measurable by a low cost radiometers. The brightness temperature can increase by 8 K in
the case of small fire (0.2 m2), sensing of extensive, massive fire can produce the brightness
temperature contrast in order of tenths K [3].

Figure 3.11: Measured brightness temperature of a wood fire in a open space. The signal
increase marked by the ”A” letter is caused by a human presence at the beginning of the
fire [3].

Next possible issue with the radiometric sensing of fires can be caused by the fire cover-
age [49], [4]. Currently, results of measuring of fire covered by plasterboard and concrete are
available. In the Fig. 3.12 a situation with open fire and its coverage is depicted. The con-
trast of the measured brightness temperature in case of fire and without a fire is about 27 K
[3]. A plasterboard placed in front of the fire causes reduction of the measured brightness
temperature contrast by 10 K. Also the time delay of possible detection increases. Nev-
ertheless, the fire can be recognized in comparison with the concrete coverage where the
contrast of brightness temperature is negligible.

24



Figure 3.12: Measured brightness temperature of open-space fire that is covered by plas-
terboard and concrete and without any coverage [3].

3.2.2 Localization of Fires

In this chapter current methods of fire localization by radiometer will be described. As it
was mentioned, infrared cameras can locate the fire position. Naturally, with the limitations
related to transparency of the coverage. By the radiometric sensing of fire also a picture
of the situation can be taken. Subsequently the current 2D sensing of the radiation will be
described.

At first the scan geometry should be described. The antenna beam shape must be
taken into account. Considering the ground-based radiometer the situation is depicted in
Fig. 3.13.

The power patter F (Θ, ϕ) is expressed in the equation

TA =

s
4π
TB(Θ, ϕ)F (Θ, ϕ)dΩ
s

4π
F (Θ, ϕ)dΩ

(3.2.1)

where Θ stands for the elevation angle, ϕ is the azimuth angle and dΩ = sin ΘdΘdϕ is
the elemental solid angle.

Two approaches are used in the remote scanning, the conical scanning and the lin-
ear scanning. Example of antenna footprints prepared for image scanning in the conical
scanning pattern is in Fig. 3.14.

In Fig. 3.15 the linear scanning footprints pattern is depicted. The conical pattern is
frequently used because during the scan it is necessary to adjust the antenna direction
only by one angle. But the image has slightly irregular shape in comparison with linear
scanning.

Since the scanning methods are proposed the brightness temperature can be measured
in an open space. A typical situation with the homogeneous soil without any fire will be
described. The observed brightness temperature can be expressed by (3.2.2).
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Figure 3.13: The measured scene by a radiometer placed in the height of h. ψ is the incident
angle, β is the antenna half-power beam width, R1 and R2 is the closest and furthest point
of the sensed footprint. The footprint is elliptical with a and b major and minor radius,
respectively [9].

Figure 3.14: Conical scanning pattern. Half-power beam footprints are plotted as an image
matrix for a microwave sensing [9].

TB0 = Tses + (1− es)(TDN + TBGDe
−τ∞) (3.2.2)

where es and Ts are the emissivity and the physical temperature of the soil respectively.
TDN stands for downward atmospheric emission, the TBGD is the cosmic background radia-
tion and τ∞ is the atmospheric opacity. The radiometer is ground-based so the up-warding
radiation can be neglected. A typical measured pattern of the scenario with homogeneous
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Figure 3.15: Linear scanning pattern. Half-power beam footprints are plotted as an image
matrix for a microwave sensing. Disadvantage is necessity of two angles adjusting during
one line sensing [9].

soil is shown in Fig. 3.16.

Figure 3.16: Image of the brightness temperature without fire measured by a microwave
radiometer [9].

Brightness temperature measured in situation with soil with fire can be described by

TBF = [TF eF + (1− eF )(TDN + TBGDe−τ∞)]q + TB0(1− q) (3.2.3)

where eF and TF are the emissivity and the average temperature of the fire respectively.
The parameter q is the filling factor defined as the power received from a fire source relative
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to that which would be received from a source with the same temperature but covering
the whole antenna fingerprint.

By relation (3.2.4) the brightness temperature of soil with fire covered by a canopy can
be calculated.

TBFV = TFV + TSV + TBV + TV rS + TV rF + Tskyr (3.2.4)

In (3.2.4) the quantity TFV = eFTF tV q stands for emission from fire attenuated by
the vegetation canopy with emissivity tv; TSV = eSTStV (1 − q) is emission of the bare
soil attenuated by the vegetation, (1 − q) is the factor describing footprint coverage by
the fire; TBV = eV TV is direct emission of the vegetation with physical temperature TV
and emissivity (eV ); TV rS = (1− eS)TBV tV (1− q) is downward emission of the vegetation
reflected by the soil and attenuated by the vegetation layer; (eV ); TV rF = (1−eF )TBV tV q is
downward emission of the vegetation reflected by the fire and attenuated by the vegetation;
Tsky = rV (TDN + TBGDe

−τ∞) is downward brightness temperature emitted by sky and
reflected by the vegetation with rV vegetation reflectivity.

By measuring of TBF in one of described scanning pattern the image of scenery with
fire can be obtained, as is in Fig. 3.17.

Figure 3.17: Image of the scenery with fire where the brightness temperature is measured
by a microwave radiometer [9].

The measuring of brightness temperature allows imaging of sceneries from the new
point of view. Some problems regarding the time of scanning or the resolution of image are
still present but this area is very promising for investigation.
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3.2.3 Conclusion

The fire sensing by a microwave radiometer is still at the beginning at this time and
not many research groups are involved in this topic. There is an initial interest from the
F. Alimenti’s group in the topic of fire remote sensing but it is in very early stage and
mostly focused on the physical radiometric system. Radiometers and their design and
system properties for fire sensing are under interest but not the methodology. Not many
measurements were done on site in order to discover fire properties from the microwave
point of view.
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4 Thesis objectives

The doctoral thesis is focused on new techniques and methods of microwave radiometric
remote sensing. Since there are a lot of atmospheric and environmental effects that can
decrease reliability of newly planned wireless links or sensors (either microwave or optical)
and following recent advances in radiometer technology (e.g. miniaturized MEMS based
radiometers which allow to construct small and cheap radiometric devices), new algorithms
for undesirable effects detection and prediction have to be proposed.

I The work will be primary focused on derivation of methodologies for prediction and
detection of dynamic atmospheric changes relating to rains. In order to get statistically
significant amount of measured data a measuring campaign will be accomplished – a
10GHz radiometer was deployed on the roof of FEE in CTU campus. Specific atmo-
spheric effects, e.g. cloudiness and precipitation, will be analyzed based on up to 18
months data samples of brightness temperatures and new dependencies of brightness
temperature will be published. A methodology to predict and detect rain events and
clouds will be proposed and verified.

II Each summer thousands of square kilometers of forests are burned out with huge
impact on both environment and economy. Precise detection and localization of fires
is a contemporary well demanded service in order to secure human lives and assets.
In order to improve the detection and localization of fires, microwave radiometers
can be used for the ground scanning. In comparison of radiometer with IR camera
the microwave instrumentation brings the advantage to sense even through obstacles
or smoke. In the second aim of the thesis the detectability of a particular fire types
by aerial microwave radiometer is investigated with respect to specific parameters like
the fire size, temperature and especially radiometer sensitivity. There are several paper
published about the fire sensing topic but mainly focused on hardware development
and not on methodologies of measurement approaches and data processing. Several
measurements will be performed in order to study the fire from radiometric point of
view and a new methodology will be described.
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5 Atmosphere Sensing Methodology

5.1 Introduction and Analysis of Atmosphere Sensing

Microwave radiation propagation through the atmosphere is a natural effect with very
complex theoretical description. For the start the basic theory of radiative transfer should
mentioned. The basic part is the propagation of a radiation through a matter. Consider-
ing the passive medium (no external artificial radiation sources), a beam of radiation is
weakened by the interaction with the medium. Assuming the radiation intensity Iλ turns
to Iλ + dIλ by passing through a medium with thickness of ds and then the

dIλ = −kλρIλds (5.1.1)

where ρ stands for the material density and kλ is the mass extinction cross section of
radiation having the wavelength λ. So the weakening of the radiation is caused by both,
absorption and scattering in the medium. But the medium has its own radiation and this
can be boosted by the thermal emission of the medium and also by the scattered radiation
from other natural sources. A source function should be taken into account defined by the
term

dIλ = jλρds (5.1.2)

So the final radiation intensity difference can be expressed by

dIλ = −kλρIλds+ jλρds (5.1.3)

And the source function will be described by

Jλ ≡ jλ/kλ (5.1.4)

So the final radiative equation can be expressed by

dIλ
kλρds

= −Iλ + Jλ (5.1.5)

The final term does not depends on a coordinate system. Such equation will be the base
for atmosphere radiation transfer equations and models [31].

Below approx. 22 GHz, absorption is the main process for microwave radiative transfer.
Although scattering occurs but it is of secondary significance. Around 60 GHz, scattering is
more important than absorption. Between 20 and 60 GHz, both scattering and absorption
processes have to be considered.

5.2 Measurement Site

In order to validate brightness temperature changes and to obtain better statistical insight,
an experimental study was set up in the university campus of the Faculty of Electrical Engi-
neering, Czech Technical University in Prague (CTU), Czech Republic. The experimental
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measuring system consists of a ground based radiometric station and a set of weather
sensors located at two meteorological stations.

The microwave radiometer based on the Dicke switch design [44] was utilized for long-
term monitoring of brightness temperature. Using the band at frequencies lower than
37 GHz leads to measurements of the brightness temperature that respond more to rain or
cloud liquid emissions. The lower working frequency range of 10.95 - 12.75 GHz (satellite
band) was chosen to measure the thermal deviation for two main reasons - we wanted to
avoid the strong absorption line of water vapor in the atmosphere at 22 GHz, which would
cause partial biasing of measurement results, and secondly because of the availability of
technology for satellite receivers. When using band with frequencies higher than 37 GHz,
brightness temperature mainly responds to cloud ice scattering [42].

Figure 5.1: Schematic view on the measurement site.

The vertically pointed radiometer was deployed on the roof of the CTU building, 36 m
above the ground level, therefore it was well isolated with respect to the brightness temper-
ature contribution in a given antenna (receiving) radiation pattern of received noise signal
from adjacent buildings. The radiometer exterior and internal deployments are shown in
Fig. 5.1 and Fig. 5.3 – the parabolic antenna of the radiometer points towards a tilted
planar mirror. As a receiving antenna the parabolic reflector antenna with the diameter of
64 cm was used. Radiation pattern of the antenna is depicted in Fig. 5.2.
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Figure 5.2: Radiation pattern of the used antenna.

This arrangement was chosen in order to avoid antenna aperture aggradations by any
impurities that could affect signal measuring. The metal mirror was also smeared with a
hydrophobic film of silicon oil in order to trickle water drops away. The chosen arrangement
allows a pure vertical distribution of the ice and liquid content of clouds to be obtained
and analyzed. In table 5.1 the main radiometric system parameters are listed.

Table 5.1: Radiometric system parameters.

Parameter Value

Radiometer bandwidth 1.7 GHz
Integration time 0.5 ms
Radiometer sensitivity 1.4 K
Antenna beamwidth (-3 dB) 4.4 deg
Sidelobe suppression >20 dB
Switching frequency 1 kHz
Measuring data averaging interval
(all cycles in this period are averaged)

3 s

GPS location 50.10339, 14.392749

In the Dicke design, the radiometer switches in turn between the antenna output and
the reference (temperature stabilized) load.

As an example of how the switch can be designed the result of the short-term scientific
mission realized in 2010 at University of Perugia in Italy can be stated. During the mission
a new MEMS switch for radiometric application was designed [13]. The MEMS switch is
depicted in Fig. 5.4.

The movable part of bridge is suspended above the RF line and by moving the bridge
down, the RF signal is shorted through a capacitive coupling to the ground. The capacitive
feature is implemented as a MIM (Metal-Isolation-Metal) capacitor between the RF line
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Figure 5.3: Picture of the measurement site.

Figure 5.4: State-of-art MEMS switch used for load switching.

and the bridge, between 2nd and 3rd layer of the IHP BiCMOS technology [21]. The bridge
is connected to the ground conductors by springs which allow actuating the bridge with
lower voltage. The whole MEMS switch is embedded as the BiCMOS BEOL (Back-end-
of-line) MEMS switch [21], [13].

After the signal has passed through internal amplifiers and a detector, part of the signal
is detected at the switching frequency by a synchronous detector. The output signal of the
synchronous detector is proportional to the difference of the brightness temperature of an
observed object and the reference load. The radiometer principle used introduces a higher
level of stability and sensitivity at the expense of reduced thermal sensitivity. The switching
of the gain with calibration was also used to avoid saturation. Temperatures of particu-
lar subsystems in the radiometer are measured and used for the continuous correction of
measured data. The radiometer has a floating reference whose temperature changes are
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substantially slower than the changes in measured brightness temperature. The tempera-
ture stability of the reference load is given by a robust and thermally insulated construction
where the temperature is also measured. The time constant of the reference load is more
than ten times higher than the time constant of the measured object. Therefore, there is
no need ever to calibrate the equipment after the first laboratory calibration. The use of
another type of radiometer such as a total power radiometer or a noise injection radiome-
ter was also considered at the very beginning of the measurement campaign; however the
Dicke design was selected as the best compromise, providing good sensitivity and accept-
able stability without any follow-up calibration [17]. Some undesirable signals can affect the
measurement, such as heating of the radiometer housing or mirror heating, but these effects
were suppressed by temperature corrections of the radiometer and by a proper detection
method.

Data from two (primary and backup) meteorological stations WS981, made by the
Anemo Corporation, Czech Republic [46], have been used for further analysis. Each station
collects the temperature and humidity, as well as atmospheric pressure (barometer TMAG
518N4F with range 800 - 1200 hPa), precipitations (heated tipping-bucket rain gauge with
a collecting area of 500 cm2, and the rain amount per one tip of 0.1 mm), and the speed
and direction of the wind (anemometer AN 955C). The primary meteorological station is
located at same place as the radiometer, i.e. 36 m above ground level. Measurement data
are collected in 1 minute intervals, therefore to harmonize the sampling of meteorological
and radiometer data, the 3 second intervals of radiometer data were averaged over 1 minute.
Only measurements of temperature and precipitation were used for direct processing.

5.3 Atmospheric Models

In this chapter the atmosphere parameters will be described. In order to understand the at-
mosphere from the radiometric point of view the physical properties will be described first.
Density of the atmosphere decreases with the altitude. Considering the steady conditions
the pressure and density can by described by

dp(z) = −gρ(z)dz (5.3.1)

where g is the gravity constant and p is measured vertically in the upward direction
from the surface.

For the perfect gas the relation of the pressure and density is described by

ρ(z) = MM0
p(z)

kT (z)
(5.3.2)

Where M stands for the molecular weight of the atmosphere (M = 28.97), M0 means
the atomic mass unit (M0 = 1.66× 10−27 kg), k is the Boltzmann’s constant and N is the
number density in molecules/m3 and T is the temperature. By combination of both 5.3.1
and 5.3.2 the complex relationship can by expressed by
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dp

p
= −gMM0

kT (z)
dz = − dz

H(z)
(5.3.3)

Microwave radiative transfer in the terrestrial atmosphere is determined by chemical
composition and water vapor content. Also altitude distribution of meteorological param-
eters (temperature, humidity, pressure) has significant influence on the microwave atmo-
spheric transfer. In the atmosphere model that will be considered the altitude profiles of
temperature T (H) will be described by a linear function and pressure and humidity models
by exponential functions.

In the equation (5.3.4) the temperature model is expressed [42].

T (H) = T0 − kH H < 11km

T (H) = T11 H > 11km

}
(5.3.4)

In (5.3.4) k stands for altitude gradient of temperature k = 6.5 ◦C/km and H is the
altitude.

In the expression (5.3.5) and (5.3.6) the pressure and humidity model respectively is
expressed.

p = p0 exp(−αpH) (5.3.5)

ρ = ρ0 exp(−H/HV ) (5.3.6)

Considering the stratified atmosphere model the brightness temperature of thermal
radiation can be expressed in the convectional form

TB(υ) =

∫ ∞
0

γ(H)T (H) exp

[
−
∫ H

0

γ(z)dz

]
dH (5.3.7)

In (5.3.7) the γ(υ,H) = aυ(υ,H) stands for spectral absorptivity of all gaseous com-
ponents of the atmosphere. These components characteristics depends on frequency and
altitude. In this formula no contribution from surface or other over-boundary medium is
considered. Usually the mean temperature TAV (υ) is introduced. The TAV is quantity cor-
responding to isothermal atmosphere temperature. Thus the (5.3.7) can be expressed by
(5.3.8).

TB(υ) = TAV (υ)

∫ ∞
0

γ(H) exp

[
−
∫ H

0

γ(z)dz

]
dH = TAV (υ)[1− exp(−τ(υ))] (5.3.8)

In (5.3.8) T0 is the temperature close to the Earth surface and ∆T (υ) = 10 to 30K.
∆T depends on the atmospheric state and intensity of absorption. Absorption in the free
atmosphere is mainly represented by absorption of oxygen molecules and water vapor.
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Figure 5.5: Diurnal brightness temperature distribution.

Apart from statistics of meteorological parameters and brightness temperature the com-
bined characteristics of microwave radiometer and free-space optical link were measured.

Joint statistics between radiometric data and meteorological data were searched for.
In figure 5.5 the diurnal brightness temperature distribution is depicted. For the case of
short-term measured statistics (from hour up to daily records) of noise temperature and
atmospheric temperature a higher correlation was found (correlation coefficients higher
than 0.8). These short-term correlations reached such high values only when relatively sta-
ble curves of temperature were measured and simultaneously the noise temperature event
was distinct. It was proven that these events are caused by shading of particular clouds.
It is easy to understand, when a cloud overshadows the Earth surface, the temperature
falls. With the temperature decrease all other atmospheric quantities change similarly. Un-
fortunately, these mentioned events were rarely distinguished. For majority of time, more
complicated atmospheric features were observed.

Contrary to short term statistics, no long-term correlation of measured noise temper-
ature and meteorological data was observed. The noise temperature has no statistically
significant long-term relationship either with the atmospheric temperature, relative hu-
midity or pressure. Correlations coefficients from the monthly observation varied in the
wide range (from negative linear -0.8 up to positive 0.8), so prediction of precipitations
from correlation coefficients between noise temperature and other meteorological parame-
ters was impossible.

Fig. 5.7 depicts the relation between the noise temperature and the received power.
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If the noise temperature curve is smooth, there can be find sharp fluctuations caused by the
rainfall, in which a prediction of oncoming rain is possible and can be properly recognized in
66% of cases. On the other hand, non sharp fluctuations of noise temperature can be used to
predict, rain in 43% of cases. Rapid fall of received optical power due to reduced visibility
caused by particles scattering is apparent. With the ingoing rainfall the vehement and
short rises of the radiometer measured noise temperature were observed. These rises were
distinguished mostly at the beginning of the rainfall. The typical brightness temperature
swell is depicted in Fig. 5.6.

Figure 5.6: Noise temperature swell at the beginning of the rain measured on 28th of March
2010.

Since it was determined that the rapid increase of noise temperature indicates a higher
probability of a precipitation, the correlation between the noise temperature and received
power of the FSO link was evaluated in next step.
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Figure 5.7: Noise temperature swell at the beginning of the rain measured on 28th of March
2010.

In the measuring period every precipitation started with a noise temperature swell.
Noise temperature increased to 150% of the original value in 59% of cases and to 125% of
the original value in 82% of cases. All increases correlated to FSO fades were perceptible
in average 5.3 minutes before the precipitations start. At this time the devaporation starts
and the volume of water drops in the observed area strongly increases. After the burst of
rain-fall the changes in the noise temperature vanished and the rain could not be detected
by the radiometer even if the rain continued. Detectable transients of measured noise
temperature disappeared after the beginning of rain as well. Based on measured statistics
our next research is focused to derivation of FSO fade forecasting model capable to on-line
precede drops of optical backbone networks.

5.4 Atmospheric Events

During the measuring campaign hundreds of various meteorological events were measured.
In this chapter the record of brightness temperature of three various days is depicted. Typ-
ical rain events and brightness temperature swells can be seen. In Figure 5.8 is the one-day
time series of measured brightness temperature on 10th May 2010 with relation to atmo-
sphere temperature, humidity, precipitation and pressure. The average day temperature
was 12 ◦C. In this Figure the brightness temperature swell can be seen just before the rain
starts at 5am, 6pm and 11pm.
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Figure 5.8: Example of measured brightness temperature and meteorological parameters.

In the next Figure 5.9 the measurement from 9th October 2010 is depicted. The average
day temperature was 16 ◦C. In this Figure the initial brightness temperature swells can be
observed as well.
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Figure 5.9: Example of measured brightness temperature and meteorological parameters.

In Figure 5.10 the measurement from 17th March 2011 is depicted. The average day
temperature was 10 ◦C. From the Figure it can be seen that no significant correlation of
brightness temperature and air temperature or any other meteorological parameter can be
found. But the brightness temperature swell before the rain can be seen.
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Figure 5.10: Example of measured brightness temperature and meteorological parameters.

5.5 Method for Precipitation Prediction

In this section, the relation between measured brightness temperature and weather condi-
tions will be discussed. Nevertheless, the terminology of the detection methods first has to
be defined. Hereafter, ”Hit” indicates that the precipitation was observed after it had been
predicted; ”Miss” then means that the precipitation was observed even though it had not
been predicted. ”False alarm” stands for a situation when precipitation had been predicted
but did not occur (see Table 5.2).

Measured data were analyzed over the period of 14 months, from March 2010 to April
2011. During this period 314 clearly defined atmospheric states were observed. These states
can be detected or predicted by a microwave radiometer with the use of the proper statisti-
cal tools. To achieve the best results the method with variance enumeration was proposed.

The main aim of the paper is to introduce the detection of dynamic atmospheric events
that are connected with certain atmospheric states. Initially, the utilization of a microwave
radiometer as a precipitation detector and especially for precipitation prediction was in-
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Table 5.2: Terminology contingency table.

Event Forecast
Yes No

Event Observation Event Observation
Yes No Yes
Hit False Alarm Miss

vestigated. Different types of clouds as well as various precipitation events were observed
and recorded during the measuring period. It was derived similarly as it was described by
Won in [59] - that during a particular time interval before the start of a rain event a rapid
increase of the brightness temperature can be observed. Contrary to [59], where only small
number of events was analyzed, 69 rain events were recorded over the entire period during
the 10 GHz radiometer measuring campaign at the CTU.

A simple approach using a steady threshold to predict rain events [18] was dismissed
at the beginning of analysis because it had led to a higher number of ”False alarms”. In
Fig. 5.11 a typical situation is depicted on the set of precipitation and brightness tem-
perature data. In this simple (generally used) steady threshold method of cloud or rain
event detection, a particular threshold is first carefully determined. When the brightness
temperature exceeds the threshold limit, an event is predicted (Hit indication). The main
problem arises with the threshold determination. When a low threshold is chosen to achieve
extremely sensitive forecasting (i.e. for radiometer measurements in time intervals shorter
than 1 minute), a number of ”False alarm” signals are usually generated. By establishing a
higher threshold we can on the one hand rapidly reduce the number of false alarms, but on
the other hand, as it was confirmed by our analyses, this causes more ”Misses” and, what
is more, it inconveniently shortens the forecasting period before events. In other words, in
many cases it results in the degradation of forecasting information. An example of false
alarm signals observed on 24th May 2010 before 12.00 (note: all measurement records are
related to UTC) can be distinguished in Fig. 5.11. In this case, the threshold was set to a
value of 80 K of brightness temperature.

Since the success rate of the method analyzed above had not proved satisfactory, a
more reliable detecting method based on observations that the rapid increase of brightness
temperature precedes rain events was proposed. The new method inheres in brightness
temperature variances calculated over a particular time window within the measuring pe-
riod. By parametric study, a 5 minute window of variance calculation was found to be
the most effective. A shorter window results in higher variances even for non-significant
events e.g. an artificial ripple in the brightness temperature, while with a longer window
the forecasting information degrades or is lost. To smooth the variance curve, an addi-
tional moving average over the 15 minute time window can be applied (note this is not
as significant as the first moving average to obtain variances, the 15 minute interval was
optimized based on measured data). After these operations the detection threshold can be
determined. The advantage of using the variances in this method is in the obvious sup-
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Figure 5.11: Example of simple threshold method utilization for the prediction of rain
events; data from 24th of May 2010.

pression of slow brightness temperature changes. In this way, variance is also free from the
absolute value of measured brightness temperature. The same situation as in Fig. 5.11 is
newly demonstrated in Fig. 5.12, where the threshold was applied to the curve obtained by
moving-averaged variances. It can clearly be seen that false alarm signals were suppressed,
and only real rain events could be detected in advance without a significant number of
false signals.

The probability of the successful utilization (hit rate) of the proposed method applied
to the whole data set (314 events were considered) is summarized in Tab. 5.3. The whole
range of temperature variations thresholds was scanned and the optimum of 10 K was
determined as the value corresponding to the highest and the most stable hit rate over the
evaluated period.

To determine the average forecasting time before rain detection at ground level (note
this can be for short intervals more precisely expressed as a detection time), a cross-
correlation function was used. Every pattern of events was correlated to the function pro-
cessed for forecasting (variation, averaging) and the correlation was calculated for different
time shifts. The maximum of the cross-correlation product and corresponding forecasting
time was derived (see Fig. 5.13). The average time of the event forecast before the start of
precipitation is 1.8 minutes. Since the variance is calculated over a moving time window of
measured data, the result of averaging is delayed to brightness temperature changes. Note
that the real peaks of brightness temperature can be observed quite some time before the
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Figure 5.12: Example of undesirable signals suppression and rain prediction by using the
method proposed in this contribution; data from 24th May 2010.

start of rain (approximately 5 – 10 minutes). The forecasting time of 1.8 minutes represents
a compromise value and corresponds to an acceptable number of Hits and False alarms.
There is also a certain degree of freedom, and therefore it is possible to choose between a
relatively improved forecasting time, but at the cost of a higher number of False alarms or
Missed events. The forecasting time is shortened because of the averaging.

5.6 Method for Cloud Detection

Next the cloudiness detection method will be described. After eliminating the influence of
rain, brightness temperature measured by the microwave radiometer and meteorological
data was further analyzed. Despite a high randomness rate in the meteorological data, some
particularly interesting relationships were observed. At first, the brightness temperature
varied from 47 K up to 65 K, even during periods of clear skies. The amplitude of the
measured brightness temperature was dependent on sunshine, i.e. in the daytime. Almost
all the higher brightness temperatures with more rapid brightness temperature changes
were related to specific types of cloudiness [43] (for cloudiness types see [57]). These issues
were also partially described by Long in [32]. Before any discussion of measured data,
it was necessary to clarify how the range of measured brightness temperature conforms
to certain types of cloudiness. During the measuring campaign several types of clouds
(described bellow) were observed. The types of clouds were determined periodically by the
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Table 5.3: Hit rate of precipitation forecasting by the proposed method.

Threshold

Event Forecast
Yes No

Event Observation Event Observation
Yes No Yes

8 K 75,4 % 11,7 % 12,9 %
9 K 75,1 % 11,4 % 13,6 %
10 K 74,4 % 7,7 % 17,9 %
11 K 70,1 % 7,5 % 22,4 %
12 K 59,5 % 7,3 % 33,2 %

Figure 5.13: Averaged cross-correlation products of all rain events.

meteorological station service and their base was measured by a ceilometer. Corresponding
brightness temperatures were assigned to cloud types. Cumulus clouds are specific with
their clearly defined base formed in low altitudes up to 2.5 km. These clouds have a
particularly vertical extent. Cumulus is created by small water drops and can be a source
of short-term rainfall. The specific brightness temperature measured in the case of Cumulus
clouds varied from 48 K to 55 K. Cumulus clouds can grow into Cumulonimbus - a dense
storm cloud with a wide base. This type of cloud is formed at low altitudes from hundreds
of meters up to 20 km and can be a significant source of rainfall. The measured brightness
temperature of Cumulonimbus clouds was slightly higher than the previous clouds, from

46



50 K up to 70 K. It was hard to distinguish which brightness temperature is related to
Cumulus and Cumulonimbus, but for possible joint microwave links, it is essential that both
types of clouds can be a source of rainfall. There is another cloud type with a very low
altitude, wide base and small vertical extent the Stratus cloud. The measured brightness
temperature of this cloud varied from 50 K up to 80 K. Other types of clouds formed in
high altitudes - Altostratus, Altocumulus and Cirrus were omitted from the analyses as
they do not cause significant changes in measured temperature because the water content
of these clouds is much lower than that of the clouds mentioned above.

For cloudiness detection, a similar technique was used as for precipitation prediction.
This method exploits the instability of brightness temperature when a cloud moves through
the observed volume. Again, the variance of the brightness temperature was calculated
within a 5minute time window over the entire period.

A typical behavior pattern for brightness temperature is depicted in Fig. 5.14, where
the clouds presence in the monitored volume of atmosphere from 7.00 to 18.00 caused
higher variations of the brightness temperature.

Figure 5.14: Typical variations of the brightness temperature during clouds presence in the
monitored volume of atmosphere on 5th April 2010.

Variations of brightness temperature are depicted as a function of ambient temperature
in Fig. 5.15 (156 events were captured). The incidence of low temperature can be observed.
From the measurements it was found that when the ambient temperature is above 0 ◦C,
the variation of brightness temperature due to the cloud presence is higher - in the range
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from 0.2 to 4 K. It should be emphasized that when the ambient temperature is below
0 ◦C, the variation ranges from 0 to 0.5 K. The temperature at ground level (measured
by the weather station) is highly correlated to the temperature in the monitored volume
of atmosphere above (obtained from the radiometer). Since the radiometer is thermally
stabilized, possible slow and minor temperature deviations cannot significantly affect the
measurements. To ensure correct interpretation of the results, the influence of temperature
(below/above 0) is considered and the results are described for both temperature ranges.

Figure 5.15: Brightness temperature variations when clouds passed through the vertical
volume monitored by the radiometer.

In Fig. 5.16, variation of brightness temperature is shown in a cloudless situation in the
monitored volume of atmosphere – 158 events were captured during the cloudless period.
The contrast with the cloudy case (Fig. 5.15) is obvious. The variation does not exceed
the value of 0.25 K during the cloudless period. Variations, based on measurements when
clouds were in the observed volume, can be clearly separated from the state when no clouds
were present in the observed volume, and hence a method to detect cloudiness based on
the calculation of variations can be proposed.
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Figure 5.16: Brightness temperature variations when no clouds were present in the moni-
tored volume of atmosphere.

The threshold of brightness temperature variations for the determination of cloud pres-
ence was parametrically determined as 0.23 K. Using this value as a decision-making pa-
rameter, the following results listed in Tab. 5.4 for temperatures higher than 0 ◦C were
obtained from an analysis of 14 months of measurement data (314 captured events). The hit
rate of estimates is substantially higher than the hit rate of estimates calculated for ambi-
ent temperatures below 0 ◦C, when the method cannot be properly applied. In such cases
the hit rate was only 31.43 %.

Table 5.4: Hit rate of cloudiness forecasting when the temperature was higher than 0 ◦C.

Event forecast
Yes No

Event Observation
Yes 80.5 % 4.8 %
No 14.7 % –

5.7 Conclusion

In the chapter 5 the atmospheric model for precipitation sensing was proposed. Hundreds
of atmospheric dynamical effects were captured and the relation of brightness temperature
and meteorological parameters were described. The initial brightness temperature swell
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that occurs just before a rain was investigated as the key parameter for all events. Based
on this brightness temperature swell a new methodology of rain prediction and cloud
detection was proposed and published. The methodology exploits the signal variance as a
statistical parameter which steeply grows in advance of a rain event. The parametric study
for two parameters was done - the time window over which the variance has to be specified
and the threshold as the decision making parameter have been derived from the measured
datasets. The precipitation prediction methodology was validated by consequent long-term
brightness temperature monitoring. Similar approach was analyzed for cloud detection and
was exploited further in section 5.6.

It has to be emphasized, even though several other approaches to predict a precipitation
were published, the new proposed methodology brings a general view on the issues and
proposes novel but generally applicable method which is easy to integrate to a measuring
system.
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6 Fire Sensing Methodology

Principles of remote sensing of the atmosphere and ground are well described. The fire-
endangered environment is typically scanned by several means (radiometer, camera, IR
camera) using different frequency bands. Basic observation of the visible light spectrum
(450-750 nm) is the most inherent for human beings but this has many limitations as only
the visible part of fire can be seen, and in most cases, only direct flames can be seen and
detected. Such observations can be useless when obstacles that covers an area of interest, or,
when a fire is in its smoldering phase and has no apparent fire signs. The last argument can
be eliminated by using thermal scanning (1400nm) but problems still exists with obstacles.
Since the microwave radiation can pass natural obstacles it is a reasonable choice to use
microwave band as a next means for scanning.

A lot of research teams use self-developed or commercial radiometers for atmosphere
profiling [36], [35]. General ground scanning is the basic task of passive remote sensing
so it is also described well. The weak point in passive remote sensing is detection and
localization of wild fires. Considering the number of wild forest fires over the whole world
this part of radiometry application is, with few exceptions, unkempt. The few exceptions
are Italian research teams that systematically solve fire sensing tasks [4], [3].

6.1 Theoretical Introduction and Analysis of Fire Sensing

Since fire remote sensing is, by necessity, a down-looking application several effects must be
taken into account. The ground surface is not an ideal environment in terms of microwaves
propagation. There are many obstacles and inhomogeneities. Fires that should be detected
can be easily overlooked in a tangle of vegetation, sand, wet and dry soil, etc. In addition,
the emissivity of the sensed surface must be taken into account. Even the sky’s reflection
has a minor influence on the measurement and cannot be neglected. The derivation is well
documented in [49].

A general scenario of spot sensing is depicted in Fig. 6.1. In this case no fire is present
in the sensed spot.
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Figure 6.1: General remote sensing deployment focused on a ground target

The antenna is placed in a particular height h. In this case the sensed temperature
consists of two parts - of the soil radiation and from the reflected sky radiation. The part
of brightness temperature that comes from soil is weighted by the soil emissivity. Likewise,
the downward radiation is weighted by the ground reflectivity:

TA = Tses + (1− es)TSKY (6.1.1)

Where the Ts stand for the soil thermodynamical temperature, es is the emissivity of the
soil and the right part of the formula part represents downward radiation TSKY weighted by
the soil reflectivity (1− es). The downward radiation consists of the atmospheric emissions
(TDN) and of the cosmic radiation background (TBGD) which is reduced by the atmospheric
opacity:

TSKY = TDN + TBGDe
−τ∞ (6.1.2)

6.1.1 Soil Emissivity

For early simulations the emissivity described in [40] was used. The emissivity for soil with
low vegetation and X band frequency is in the range from 0.92 to 0.95.

First experimental measurement was done within the thesis in order to obtain the soil
emissivity. For this purpose the thermodynamical temperature of soil was measured as well
as the brightness temperature of sensed spot and sky brightness temperature. In order to
obtain the soil emissivity the formula (6.1.3) that comes from formula (3.2.2) can be used
in following expression:

esoil =
TA − TSKY
Tsoil − TSKY

(6.1.3)
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During the experiment the radiometer antenna was pointed to the sky under the same
elevation angle that was then used for fire sensing but in the upward direction. This mea-
sured brightness temperature is the TSKY parameter. Then the antenna was turned to
the fire spot (without the fire yet) and the brightness was recorded again. The calculated
emissivity during the period of several minutes is depicted in Fig. 6.2 . The measurement
should take only a short time in order to avoid weather changes, clouds movements and
fast environmental changes that can affect the measurement.

Figure 6.2: Soil emissivity measurement with marked standard deviation.

The experiment was done during cloudy day when the whole sky was covered by con-
sistent altostratus cloud. The brightness temperature measured when pointing to the sky
was in the range of 53 K to 55 K, soil thermodynamical temperature was in the range of
20 to 21 ◦C (293 – 294 K). Brightness temperature recorded by the radiometer was in the
range of 273 to 277 K.

6.1.2 Filling Factor

For the radiometric measurement in relation with sensing of a bounded spot the filling
factor quantity is generally used. It is a representative parameter of spatial resolution of
the radiometric system. Usually the filling factor is considered as a fraction of the area
covered by the fire which is viewed by a radiometer. By using the filling factor the problem
with sensing of same fire spot from various distances and under various angles is solved.

Generally the filling factor definition is understood as the power received from a bounded
source in relation of the source at the same brightness temperature but filling the whole
antenna radiation pattern [23], [22], [45].
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Formally the filling factor can be calculated by

q =
G0

4π

x

ΩF

Pn(ϑ, ϕ)dΩ (6.1.4)

where G0 stands for the antenna gain in the direction of maximum radiation, Pn is
the normalized radiation pattern and ΩF means the spatial angle in which the fire spot is
detectable by the antenna.

This equation can be successfully used for environment with more sources of radiation:
fire, soil self-radiation, sky reflection etc.

For most cases the simple expression of filling factor can be used

q =
Afire
Aant

(6.1.5)

where Afire stands for the are of fire and the Aant is the antenna radiation pattern
footprint restricted by the half-power beam-width.

6.1.3 Fire Emissivity

In order to supplement general knowledge about the fire sensing, the fire emissivity has to
be found. When using approach by [33] the radiometric contrast of a fire spot and bare
soil can be defined as

ρT = τvegτatm[efireTfire − esoilTsoil − (efire − esoil)evegTveg]q (6.1.6)

where τveg is the transmissivity of vegetation that can cover the fire spot, τatm is the
transmissivity of atmosphere, efire, esoil, eveg stands for the fire emissivity, soil and veg-
etation respectively. Tfire, Tsoil and Tveg are the thermodynamical temperatures of corre-
sponding objects.

Considering that no vegetation was over the fire spot and transmissivity of atmosphere
of 1 the relation 6.1.6 can be simplified as

ρT = (efireTfire − esoilTsoil)q (6.1.7)

and the fire emissivity can be expressed as

efire =

ρT
q

+ esoilTsoil

Tfire
(6.1.8)

Since the soil emissivity can be measured as well as the soil and fire temperature the
fire emissivity is an accessible number. In chapters 6.2.3 – 6.2.6 this relation is used for
emissivity calculation. Also all scenarios were numerically simulated in MATLAB where
the thermodynamical temperature of all objects, known emissivities and environmental pa-
rameters were taken into account. The simulation result is mentioned in following chapters
as well.
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6.2 Fire Detectability

In this chapter the detectability of a fire by a microwave radiometer is investigated. Simula-
tions of several scenarios and together with outdoor measurement were performed in order
to confirm detectability of the fire of specific temperature distributions and dimensions.
Various scenarios for fire sensing were numerically modeled and simulated. Real parameters
of antenna radiation pattern and radiometer sensitivity were taken into account. The con-
cept of fire detectability verification was tested on real measurement data and then applied
in a large scale on analyses of scaled airborne sensing of an environment. The results clearly
indicate the possibilities and limits of detection with currently available radiometers.

The brightness temperature was calculated in simulations’ stage by

TA =
1

ΩA

{

4π

F (Θ, ϕ)TB(Θ, ϕ)dΩ (6.2.1)

where TA is the antenna detected noise temperature, F represents the antenna radiation
pattern and TB stands for the brightness temperature at given azimuth Θ and elevation ϕ
angles.

In the following chapters several types of fires were measured in order to obtain the
emissivity of various burning matter.

6.2.1 Airborne Sensing

When the wild fires are monitored it is usually done by remote sensing, mainly in the IR
range and, experimentally, in a microwave band. In both cases airborne sensing is frequently
used. At the start a feasibility study of fire detectability by airborne sensing was done and
the entire scenario was numerically simulated then downscaled to dimensions that are
possible to measure in a natural environment by the available measuring system, it was
measured and the model was verified. The down scaled scenario is described in the following
sections.

(a) General schematic view.
(b) fire and ground temperature pattern (fire pattern is
depicted in reduced scale)

Figure 6.3: Scenarios schemes

55



Various scenarios have been analyzed. Typical scanning scene is depicted in Fig. 6.3a .
Let us assume the ground is being sensed by an airborne radiometer at 300 m above ground
level (h), with an incident angle (ψ) up to 45◦ in the forward direction of the track. In that
case, the ground area scanned by antenna beam has an elliptical pattern. For analyses we
assumed the ground plane area 500 m × 2400 m (width × length) with a resolution of
0.5 m/pixel. The analyzed fire was located from small scales up to 2/3 of the ground plane
length. These dimensions were set to cover the ground plane width by the main lobe and
the first side lobe of the antenna, especially for better insight on the parasitic influence
of side lobes. The ground was considered as homogeneous without any obstacles in the
calculated paths, but with various temperatures in the range of 287 K to 293 K which
corresponds to a typical natural range of such environment.

Numerical analysis of the above mentioned scenario was performed define the basic task
of airborne sensing. Results from the analysis are shown in Fig. 6.5 .

A model of a broadside radiating antenna – the 10-element antenna array (typical for
microwave remote sensing [52] with λ/2 of the antenna elements distance and 13.4◦ beam
width at -3dB) was considered for simulations (see normalized radiation pattern in Fig.
6.4).

Figure 6.4: Normalized array patter of 10-element array.

The brightness temperature in the simulation was calculated by this equation (6.2.1).
Several fire types were analyzed. Results in this thesis are shown on a simulation of

the fire TF1 standardized in EN54, Part 9 [38] (burning cellulose wood, size 50 × 50 cm).
The first investigated case represents a fire at the moment before direct flame combustion
with a cellulosic fire having a temperature in the range of 220 to 290 ◦C [53]. The next case
tested represents the direct-flaming mode where the temperature varies in the range of 300
to 350 ◦C. Both fire stages were investigated for various fire sizes spread over the scanning
area. Distribution of the temperature in the ”hot” fire was within the above given range.
Both models of fire are considered in the scenraio: i) the cellulosic fire immediately after
a self-ignition; and ii) the direct, open flame fire. As the fire size varied, the peak-to-peak
values of the antenna noise temperature were registered.
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Fire in the first smoldering stage having the temperature in the range 220 to 290 ◦C was
assumed [53]. In this analysis 3 radiometers were considered: i) state-of-the-art radiometer
[5], ii) commercially available radiometer [28], and iii) radiometer from our laboratory [14].
Main results of the analysis represent the fire dimensions that are still detectable with the
mentioned instruments.

The results from analysis – the limits in microwave radiometer detection of fire – are
shown in Table 6.1. Three values of radiometer sensitivity were used to verify detectability
of the fire. The first one is for case of the state of the art radiometer with sensitivity 0.1 K
[[5]], the second one for the commercially available radiometer [9] having sensitivity of 0.7 K
and the third one representing the Dicke-type radiometer available in our laboratory with
sensitivity of 1.2 K [14]. Each row stands for the minimum detectable fire size corresponding
to the particular radiometer sensitivity.

Table 6.1: Detectable fires sizes with respect to radiometer sensitivity.

Event forecast
Dimensions of
fire (m × m)

Temperature
of fire (◦C)

Brightness
temperature
contrast (K)

State-of-art
radiometer

Commercial
radiometer

Radiometer
at CTU lab

4.5 × 4.5 220-290 0.11 YES NO NO
10 × 10 220-290 0.72 YES YES NO
13 × 13 220-290 1.23 YES YES YES
4 × 4 300-350 0.13 YES NO NO

9.5 × 9.5 300-350 0.71 YES YES NO
11 × 1 300-350 1.35 YES YES YES

In the Fig. 6.5 is shown the example of sensed brightness temperature contrast that is
detectable by above mentioned radiometers.
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Figure 6.5: Three fires with different size at the temperature in the range of 220 - 290 ◦C.

The influence of the fire area brightness temperature distribution was considered as
well as various ground plane temperature distribution. Derived results can help hardware
designers of radiometric instruments to design a receiver for the purpose of fire sensing with
properly set sensitivity with respect to other radiometer potentially adjustable parameters
(integration time).

Simulation of the above described scenario was done at first, and then it was verified
by the measurement.

6.2.2 Human Figure Sensing

The first measurement was performed in order to try to record a human figure in the
natural background. The primary intention and request for figure sensing is to perform the
detection of a person in case of fire. Since the measurement under real conditions is almost
impossible or very dangerous another method was used. The method exploits the difference
of emissivity of the natural environment – the soil, grass, vegetation and emissivity of the
human body [2], [29].

Deployment of the measurement site is depicted in Figure 6.6. The distance of radiome-
ter and the sensed figure was 10 m. The elevation angle was 58 degrees.
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Figure 6.6: Measuring setup and deployment for figure sensing (standing human body).

Human body has significantly different microwave properties than the soil and because
of this difference it can be detected and recognized [39], [2], [29]. In this case just the
”warmer” spot is sensed and not the human body shape or any geometric characteristics.
For this purpose only the brightness temperature from a single elevation was recorded.
Measurement was done in the natural environment with dry soil under steady weather
conditions. Outside temperature was 31 ◦C and other measured parameters are listed in
Table 6.2.

Table 6.2: Parameters from figure brightness temperature contrast measurement.

Parameter Value

Tant,soil 274.9 K
Tant,fig 273.8 K
Tsoil 294 K
Tfigure 308 K
Tcontrast 1.1 K
ef 0.85
es 0.92
q 21 %

Where Tant,fig is the brightness antenna measured by the radiometer when the figure
was present on the spot, Tant,soil is the brightness temperature of the spot without the
figure, Tsoil stands for the thermodynamical temperature of the soil, Tfigure is the body
temperature (set the average to 35 ◦C), ef means the emissivity of human body, ef emis-
sivity of the soil and q stands for the filling factor of the current setup.
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(a) Figure sensing, first 15m measurement. (b) Figure sensing, second 15m measurement.

Figure 6.7: Brightness temperature recording when the figure was present on the measured
spot.

Two measurements were done to sense a figure, both are depicted in Figure 6.7a and
6.7b. In both cases the measurement process took 15 minutes.

There was no figure at the sensed spot in the first 5 minutes. Over the course of the
next 5 minutes there was a human figure standing in front of the antenna to have an the
approximate body center in the direction of maximum antenna gain. For the last 5 minutes
there was now body present at the sensed spot. Before and after each measurement the
sky temperature was sensed under the same elevation angle as the figure was sensed. This
allowed us to calculate the emissivity of the spot at a later time in accordance with the
method described in chapter 6.1.1. In both figures a brightness temperature drop between
the 5th and 10th minute is apparent. The average temperature during figure-free time was
273.4 K and during the period with present figure it was 275.1 K. The average brightness
temperature contrast is 1.7 K.

The whole task was also analyzed numerically to calculate the emissivity of the spot
occupied by the figure. The possibility of such a simulation will be proved in chapter 6.2.7.

For the emissivity calculation the complete scenario without the figure was simulated
with all known parameters (thermodynamic temperature of the soil, brightness temperature
of the sky, measured brightness temperature of the soil). Then the figure was introduced
to the environment. Since the total brightness temperature was measured and the thermo-
dynamic temperature was known, the emissivity can be found to be a parametric study
where the temperature of the figure changed until the same temperature in simulation that
was measured was achieved.

6.2.3 Gasoline Fire

The first fire studied was the gasoline fire. 100 cc of gasoline was absorbed into a cotton
fabric. Size of the fabric was 50 × 50 cm. By the fabric it is preserved the fire size, shape
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and homogeneous gasoline distribution in the sensed area. Time of the whole measurement
was approximately 11 minutes. In Figure 6.8 the course of the burning is depicted in series
of 4 pictures.

Figure 6.8: Burning of the gasoline fire in 4-picture time series. Fire size 50 × 50 cm.

In Figure 6.9 the measured brightness temperature in a time series is depicted. The ig-
nition occurred in the 7th minute and the whole combustion took approximately 2 minutes.

Figure 6.9: Gasoline fire microwave signature. Fire size 50 × 50 cm.
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The fire place emissivity, the filling factor and other parameters can be calculated from
the known parameters. A list of measured and calculated values is seen in Table 6.3.

Table 6.3: Gasoline fire measured parameters.

Parameter Value

Tant,soil 276.1 K
Tant,fire 280.2 K
Tsoil 294 K
Tfire ∼1220 K

Tcontrast 4.1 K
efire,sim 0.247
esoil 0.92

efire,meas 0.248
q 13.9 %

Where Tant,fire is the averaged maximum brightness temperature measured during the
burning process, efire,sim stands for the fire emissivity that was numerically simulated and
efire,meas means the fire emissivity that was calculated from measurement by (6.1.8).

6.2.4 Flood Trash Fire

For the measurement the flood trash fire was chosen. 1kg of the flood trash that consists
of dry grass, wood, dust and wooden bark was used. The size of the fire was 50 × 50 cm.
The material was evenly spread over the spot. The whole measurement was approximately
13 minutes long, but the burning itself took approximately 5 minutes. In Figure 6.10 the
course of the burning is depicted in a series of 4 pictures.

Figure 6.10: Burning of the flood trash fire in 4-picture time series. Fire size 50 × 50 cm.

In Figure 6.11 the measured brightness temperature in a time series is depicted. The ig-
nition occurred in the 5th minute. Since the flood trash was still wet, only the smoldering
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stage of the fire occurred.

Figure 6.11: Flood trash fire microwave signature. Size 50 × 50 cm.

The signal drop that occurred after 10th minute was caused by removing the rest of
smoldering material with a metal tools.

From the known parameters the fire place emissivity, the filling factor and other pa-
rameters can be calculated. A list of measured and calculated values is in Table 6.4.

Table 6.4: Flood trash fire measured parameters.

Parameter Value

Tant,soil 277 K
Tant,fire 280.4 K
Tsoil 294 K
Tfire ∼1150 K

Tcontrast 3.4 K
efire,sim 0.256
esoil 0.93

efire,meas 0.257
q 13.9 %
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6.2.5 Wood Fire

In Figure 6.12 the measured brightness temperature of a wood cellulosic fire in a time series
is depicted.

Figure 6.12: Burning of the wood cellulosic fire in 4-picture time series. Fire size 50 × 50
cm.

The ignition occurred in 6th minute – the first signal drop is apparent and it is caused
by a worker who started the fire. Next, the fire was twice checked – the drop in 8th minute
and 10th minute, caused again by a worker.

From the know parameters fire place emissivity, the filling factor and other parameters
can be calculated. List of measured and calculated values is in Table 6.5.

Table 6.5: Wood fire measured parameters.

Parameter Value

Tant,soil 277.1 K
Tant,fire 281.1 K
Tsoil 294 K
Tfire ∼1200 K

Tcontrast 4 K
efire,sim 0.252
esoil 0.93

efire,meas 0.257
q 13.9 %

In Figure 6.13 the microwave signature of the wood fire is depicted.
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Figure 6.13: Wood fire microwave signature. Fire size 50 × 50 cm.

6.2.6 Straw Fire

In order to measure a well burning material with rapid ignition the straw fire were recorded.
Those fires were measured also with bigger fire spot in order to measure with various filling
factor.

In Figure 6.14 is the course of the fire in 4-picture time series. For the first fire was
used 400 g of very dry straw spread over the spot of size of 50 × 50 cm.
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Figure 6.14: Burning of the straw fire in 4-picture time series. Fire size 50 × 50 cm.

Since the straw burns very rapidly a clear brightness temperature signature was recorded.
Maximum brightness temperature was 290.1 K (averaging several top values). Ignition
started at 5th minute and the whole burning took approximately 3 minutes.

All measured values and parameters of the first straw fire are listed in Table 6.6.

Table 6.6: Straw fire measured parameters. Fire size 50 × 50 cm.

Parameter Value

Tant,soil 277.2 K
Tant,fire 290.1 K
Tsoil 294 K
Tfire ∼1420 K

Tcontrast 12.9 K
efire,sim 0.254
esoil 0.93

efire,meas 0.250
q 13.9 %
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Figure 6.15: Straw fire microwave signature. Fire size 50 × 50 cm.

In Figure 6.15 the brigtness temperature signature of the straw fire is depicted.
Next straw fire was smaller, only 300 g of straw was used and the fire spot had size of

25 × 25 cm. Picture of the fire burning are in Fig. 6.16.

Figure 6.16: Burning of the straw fire 1 in 4-picture time series. Fire size 25 × 25 cm.

During the fire a minor change of weather occurred (cloud space) but in the brightness
temperature signature it can be seen as unsteady signal level. A radiometric contrast was
recorded anyway and all parameters of fire were measured.
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Figure 6.17: Straw fire microwave signature. Fire size 25 × 25 cm.

In Table 6.7 radiometric contrast, calculated and simulated emissivity are listed.

Table 6.7: Straw fire measured parameters. Fire size 25 × 25 cm.

Parameter Value

Tant,soil 277.4 K
Tant,fire 283.1 K
Tsoil 294 K
Tfire ∼ 1420 K

Tcontrast 5.7 K
efire,sim 0.298
esoil 0.93

efire,meas 0.292
q 3.8 %

The second small (25 × 25 cm) straw fire depicted in Fig. 6.18 was recorded in steady
weather condition so the signal level is easy-to-read in order to recognize the ignition time
– approximately at 3rd minute and the burning process took about 2 minutes and 30
seconds.
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Figure 6.18: Burning of the straw fire in 4-picture time series. Fire size 25 × 25 cm (the
second one).

Maximum value of measured brightness temperature was nearly 284 K which gives more
than 7 K of brightness temperature contrast. Recorded signal is depicted in Fig. 6.19

Figure 6.19: Straw fire microwave signature. Fire size 25 × 25 cm.

The most important values and parameters of the measurement are listed in Table 6.8.
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Table 6.8: Straw fire measured parameters. Fire size 25 × 25 cm.

Parameter Value

Tant,soil 277.2 K
Tant,fire 282.8 K
Tsoil 294 K
Tfire ∼ 1420 K

Tcontrast 5.6 K
efire,sim 0.296
esoil 0.93

efire,meas 0.289
q 3.8 %

The last straw fire had size of 50 cm in the square shape. More amount of straw was
used in order to spread it over the whole spot, approximately 600 g of dry straw was used.
In Figure 6.20 the fire spot is depicted during the burning process.

Figure 6.20: Burning of the straw fire in 4-picture time series. Fire size 60 × 60 cm.

Since the last straw fire was the biggest one, also the highest radiometric brightness
temperature contrast was recorded and very clear microwave signature of the fire was
measured – see the signal in Fig. 6.21.
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Figure 6.21: Straw fire microwave signature. Fire size 60 × 60 cm.

All important parameters of the straw measurement are listed in Table 6.9.

Table 6.9: Straw fire measured parameters. Fire size 60 × 60 cm.

Parameter Value

Tant,soil 277.2 K
Tant,fire 294.9 K
Tsoil 294 K
Tfire ∼ 1420 K

Tcontrast 17.7 K
efire,sim 0.255
esoil 0.93

efire,meas 0.248
q 20.1 %

The possibility of the fire sensing by microwave radiometer has been verified via mea-
surement campaign and several microwave fire signatures were determined. From the
recorded and analyzed data the fire emissivity was calculated as a new crucial param-
eter. It has to be highlighted, to author knowledge this essential parameter has never
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been published or derived. The soil emissivity was measured as well in order to derive
the radiometric background features beneath the fire. In following chapter the influence of
fire size and temperature on radiometric contrast is measured and described to fulfill the
methodology.

6.2.7 Fire Size and Temperature Influence

For the remote sensing of fire the influence of the fire size on the detectability is necessary
to investigate as well as the fire temperature influence. The methodology of fire sensing
is based on the different radiometric contrast caused by various fire temperature, size,
emissivity of the places that are supposed to be sensed. In the following simulations and
measurement both were investigated.

The same radiometric system as is described in chapter 5.2 was used but the deployment
of the radiometer and measured spot was different.

Figure 6.22: Fire measurement deployment.

For comparison purposes, an additional 2D-thermal fire sensing and scanning of sur-
rounding temperature distribution was done by the FLIR i7 infrared camera [19].

A general scenario of simulations and measurement by the radiometer is depicted in
Fig. 6.22. Such setup introduces typically used deployment for airborne sensing [52] so it
is a good approximation of the up-scaled scenario. During the outdoor measurement the
radiometer was placed in the height of 5.3 meters. The incident angle was 62◦. Antenna
was pointed to the center of fire area. The filling factor [49] in this case was about 15 %.

The same situation was numerically analyzed and the analogical numerical model was
designed having resolution of 1 cm. The whole scenario was discretized and contribution
of each cell to the total brightness temperature was taken into account. Every cell had a
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specific temperature and the antenna radiation pattern was involved in the simulation as
well.

Fire size varied from the square area of 0.3 m× 0.3 m to 0.7 m× 0.7 m. Fire temperature
varied in the range of 500 ◦C to approx. 1200 ◦C (due to the lower dynamic range of IR
camera the upper temperature range was approximated).

Before the start of the first outdoor fire measurement, the brightness temperature back-
ground was sensed. The measured ground area had temperature distribution in the range
of 5 to 15 ◦C. The soil was dry after a sunny day covered with grass. Figure 6.23 depicts
sample of time series of measured and simulated data of brightness temperatures. The con-
ditions of measurement were very steady, the brightness temperature of the background
was stable more then 30 minutes.

Figure 6.23: Measured background brightness temperature.

For the first scenario a constant fire size was assumed and various temperatures were
considered. The fire area had approximately square shape covering the size of 50 × 50 cm.
The fire activated from glowing wooden sticks reached highs up to 2 m high having bright
flames with the temperature approx. up to 1200 ◦C [38]. Fire development in time as caught
by 4 IR shot sequences in 7 minutes is depicted in Figure 6.24 .
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Figure 6.24: Fire development captured by the thermo-camera, temperature range is esti-
mated up to approx. 1200 ◦C.

Recorded brightness temperature with dependence on fire temperature is in Figure 6.25.

Figure 6.25: Measured brightness temperature as a dependency on fire temperature.

The fire temperature was activated by a compressed air and checked by the IR camera.
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Unfortunately, the low dynamical range of the available camera couldn’t provide accurate
values of the temperature so in later stages the temperature was estimated.

Second measurement was performed to capture brightness temperature as a dependency
on fire size. The fire had a square shape varying from the size from 0.3 m × 0.3 m to 0.7
m × 0.7 m. Temperature of the fire was kept constant and was in the range of 500 to 600
◦C. For this measurement only glowing charcoals were used in order to easily manipulate
with the hot material. Measured values are shown in Figure 6.26.

Figure 6.26: Measured brightness temperature as a function of fire size (x-axis describes
length of edge of the square fire area).

In this case the resolution of numerical model was set to 10 cm per pixel (the smallest
fire pixel size was assumed to be 10 × 10 cm). In the first approach, the model of fire had
set constant temperature 550 ◦C (for distances and deployment see section the picture of
deployment above). Results of analysis in terms of the dependency of fire size on brightness
temperature contrast are described in Table 6.10.
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Table 6.10: Dependency of demanded radiometer sensitivity on the fire size to be detected.

Fire temperature (◦C) Fire dimensions (cm) Brightness temperature contrast (K)

550 10 × 10 0.17
550 20 × 20 0.69
550 50 × 50 4.29
550 100 × 100 16.76

Let us assume the ground without a fire has homogeneous temperature distribution.
Once the lobe of antenna scans the fire area, the brightness temperature swell is recorded.
Table 6.10 then distinguishes which fire size is detectable by specified brightness tempera-
ture contrast. For instance the brightness temperature contrast of fire having size of 10 ×
10 cm is approximately 0.17 K. So the minimal radiometer sensitivity for detection such
fire has to be at least 0.17 K as well. Next simulated scenario was analyzed to obtain
the dependence for possibly measured contrasts of brightness temperatures under vari-
ous fire temperatures. In this case the fire was set constant with size of 50 cm × 50 cm.
The corresponding results of analysis are depicted in Table 6.11.

Table 6.11: Dependency of demanded radiometer sensitivity on the fire temperature to be
detected.

Fire temperature (◦C) Fire dimensions (cm) Brightness temperature contrast (K)

550 50 × 50 4.29
600 50 × 50 5.06
800 50 × 50 8.21
1000 50 × 50 11.35

For example for the size of mentioned fire with a temperature 550 ◦C is the brightness
temperature contrast approximately 4 K. By the methodology of the fire sensing sensitivity
with respect to the fire size it is necessary to involve in measurement a radiometer with
the sensitivity of 4 K at least.

6.3 Methodology of Fire Sensing

The fire sensing is a complex task and the final measured brightness temperature de-
pends on many effects which should be taken into account. During an on site measurement
environmental parameters plays a significant role and must be known as well as the tech-
nological constraints of used radiometric system.

In order to sense a possible fire in the field the environmental parameters should be
known. As the first step of the methodology the soil properties is necessary to consider.
From the radiometric remote sensing point of view it is essential to know the soil emissivity
or emissivity of any other natural background. How to measure it is described in chapter
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6.1.1. The emissivity can vary from 0.8 to 0.95 and it is different for various vegetation
types, sand, soil any other material and also depends on humidity etc.

Once the soil emissivity is known the limiting fire parameters must be found. In chap-
ter 6.2.7 a possible scenarios are listed. Fire sizes and its temperature influence on the
detectability by a microwave radiometer are described with proposal of the minimal sensi-
tivity which must be met. In Fig. 6.27 the dependency of fire temperature and its emissivity
on the detectable radiometric contrast is depicted.

Radiometer sensitivity is the next parameter which is crucial for radiometric sensing of
any objects. When this parameter can be chosen (during the instrumentation development)
the choice must be based on the sensitivity study described above and in [15].

Figure 6.27: Radiometric contrast as a dependence on fire temperature and fire emissivity.

There are several ways for wild fire detection but the airborne sensing is the most
convenient way in order to cover an extensive area in a short time. The last parameter
is necessary to know and to set: filling factor as is described in chapter 6.1.2. The filling
factor has significant influence on the possibility of fire detection. From Figure 6.28 the
dependency of filling factor of fire with certain temperature is depicted.
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Figure 6.28: Radiometric contrast as a dependence on fire temperature and the filling
factor.

When the radiometric system sensitivity is given and the fire temperature is known or
expected it is possible to calculate the filling factor in order to plan e.g. altitude of the
radiometer position. In following equation

q =
ρT

(efireTfire − esoilTsoil)
(6.3.1)

the ρT stands for the demanded brightness temperature or the radiometer sensitivity
respectively.

6.4 Conclusion

New methodology of fire sensing was proposed and it parameters were validated based
on both measured data and simulation derived results. Typical down-scaled scenario of
airborne sensing was simulated and measured. The approaches of fire sensing were investi-
gated. Two cases were measured, fire having different scales either of temperature or being
spread on different dimensions. Then, the situation was scaled up and analyzed with the
same algorithm for airborne distances and deployment. The main output represents a de-
pendency of brightness temperature contrast on various fire sizes and temperatures. Those

78



parameters are necessary to be known in order to characterize the fire sensing methodology.
The next essential fire parameter is the emissivity. The fire emissivity was unknown and
it’s parameters have not been published so far. By the series of measurement of several fire
types and analyses of the measured data the emissivity was found and incorporated into
the methodology as the crucial microwave parameter. Subsequently, the influence of the
emissivity on radiometric contrast at a specific temperature was investigated. The influence
of the last fundamental parameter – filling factor was explored as well. The dependence of
filling factor on brightness temperature contrast of a fire at certain temperature has been
determined.
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7 Conclusion

The thesis was focused on methodologies of remote sensing by the microwave radiometer
which allow to improve current possibilities of rain prediction, cloud detection and fire
sensing.

The first main aim was focused on the new methodology for rain prediction and cloud
now-casting using a microwave radiometer. In order to set proper approach, measurements
have been performed for four years and a huge amount of data has been recorded. In the
datasets, hundreds of atmospheric events was recorded and analyzed in order to propose
methodology for rain forecasting. Several approaches were tested and finally the method of
detecting the initial brightness temperature swell was derived. For the rain prediction the
variance of brightness temperature is calculated over a short time window in order to get
a trigger signal on the initial brightness temperature swell before the rain. As the decision
making parameter the specific threshold for triggering before rain event the threshold was
found by the parametric study and set to 10 K. This values gives the best results with the
hit rate of 74.4 % with false alarms in 7.7 % of cases and the miss rate is 17.9 %. The
average forecasting time is 1.8 minutes which was achieved with respect to the low number
of false alarms and missed events. For the cloud detection methodology the brightness
temperature variance over a longer time window was calculated, proposed and validated
by further use of the radiometer. Using the low threshold of 0.23 K in order to detect the
cloudiness good results were achieved and the cloudiness was detected with success rate
better the 80 %. The influence of the ambient temperature on the detectability of clouds
was investigated as well. Both methods were published in [14].

The second part of the thesis deals with so far not fully developed detection of fires by
the microwave radiometer. The requirement was to detect the fire by brightness temper-
ature contrast. Since the soil, vegetation, human body and fire have significant difference
of microwave emissivity the new methodology was analyzed based on specific features of
this parameter. The soil emissivity was measured in order to know the radiometric back-
ground beneath the fire. Values in the range from 0.92 to 0.93 were measured. Several
measurements under natural conditions were performed in order to explore the microwave
signatures of various fire types (cellulose, gasoline, straw, trash) and to derive the best pos-
sible approach. Value of the fire emissivity was found as the new parameter which have not
been investigated yet. The fire emissivity was found in the range from 0.25 to 0.30 and this
value was incorporated into the methodology. The influence of fire size and temperature
on the radiated and measured power and the recorded brightness temperature contrast re-
spectively was explored. All the results are described in the general form in order to allow
to choose the right radiometer for demanded purpose so the new methodology is applicable
for various equipment and under diverse conditions. Nevertheless, the state-of-the-art as
well as the commercially available instruments were taken into account in order to know
what are the best achievable results with available instrumentation. Based on the measured
data, calculated and derived results the new methodology of fire sensing was proposed.
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