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Preface

This book is devoted to presentation of radio occultation (RO) remote sensing as a global
method for monitoring of the earth’s atmosphere and ionosphere. This technique is based on
the following effect: when a spacecrafts radiating radio signals moves into the shadow zone
behind the earth and, afterward, appears from this zone, the radio ray produces two cuts of the
atmosphere. Atmospheric and ionospheric effects arise in the most cases owing to influence of
a zone near the radio ray perigee and cause significant variations of the amplitude, phase, and
frequency of the radio waves. These variations enable determination of the altitude profiles
of temperature, pressure, refractivity, density, humidity, and turbulence in the atmosphere,
distribution of the electron density in the ionosphere, and the wave phenomena at different
altitudes with a global coverage.

Aim of this book consists in a systematic description of different approaches, results of
investigation, and perspectives of the RO remote sensing as a tool for investigations of the
atmosphere and ionosphere. Historical stages of elaboration of RO method, its principle
and technical parameters are described in chapter 1. Chapter 2 is devoted to theoretical
analysis of effects of radio waves propagation in the communication links satellite-to-satellite.
The RO direct problem is stated and analyzed. Variations of the amplitude, phase, and
frequency of radio waves relevant to special forms of the altitude profiles of the atmospheric
and ionospheric parameters are described. Sensitivity of RO method to variations of the
atmospheric temperature, pressure, and electron density in the ionosphere is estimated.
Inverse RO problem is discussed and scheme of determination of the altitude profiles of
the atmospheric temperature, pressure, refractivity, and electron density in the ionosphere
from measurements of the frequency, phase and amplitude is presented. The different
radioholographic methods are described in chapter 3: (1) Radioholographic focused synthetic
aperture (RHFSA) method; (2) Fourier Integral Operators (FIO) including the Zverev’s
transform and General Inversion Operator (GIO), (3) Back Propagation (BP) and Canonical
Transform (CT) methods; (4) Full Spectrum Inversion (FSI) technique; (5) Spectral Phase
Matching Method (SPPM). These methods were elaborated with aim to improve vertical
resolution and accuracy in estimation of parameters of the atmosphere and ionosphere and
to avoid interfering influence of the multi-path propagation on retrieval of the atmospheric
parameters. Also the eikonal acceleration/intensity method is presented and discussed in
chapter 3. This technique is useful for identification of layered structures in the atmosphere
and ionosphere, evaluation of the intensity of atmospheric and ionospheric irregularities,
estimation of the location and parameters of inclined plasma layers in the ionosphere and
for excluding of the refractive attenuation from the amplitude data with aim to measure
the total atmospheric absorption. Examples of RO signals variations caused by atmospheric
influence are adduced in chapter 4, and a step-by-step transfer from RO measurements to
determination of the atmospheric parameters is considered. RO measurement errors and
inaccuracies of data inversion algorithms influence on the accuracy of retrieved atmospheric
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parameters. A short description of the basic errors sources is presented in chapter 4. Values
of the atmospheric parameters, determined by the RO technique, are compared with the
results, obtained by other technical means. RO sounding of the atmosphere allows obtaining
information not only about the above mentioned characteristics of the atmosphere, but also
about the wave, layered and turbulent structures in the atmosphere, and possibility of their
research by the RO method is considered in chapter 4. Influence of the lower ionosphere
on the amplitude and phase of RO signal are considered in chapter 5. Physical changes in
the near-earth space environment in response to variations in solar radiation, solar plasma
ejection, and the electromagnetic status of the interplanetary medium produce disturbances in
the ionosphere. The disturbed ionosphere changes the amplitude and phase of RO signal. To
the lowest order, changes in the total electron content (TEC) along the signal path contribute
to the phase path excess. For an undisturbed ionosphere, where the electron density does
not vary significantly over the short- scale lengths, this is the only effect that the ionosphere
has on the RO signals. For undisturbed conditions, the tangent points in the ionosphere are
absent during motion of the ray perigee in the atmosphere and the ionospheric influence
may be described as a slow change (appeared as linear or parabolic trend) in the phase path
excess without noticeable variations in the amplitude of RO signal. Analysis of CHAMP
data indicates importance of the amplitude variations for classification of the ionospheric
influence on RO signals. This classification can be mainly based on the dispersion and on
the spectral form of amplitude variations. Strong regular variations in the amplitude of RO
signal in the most case are connected with the inclined ionospheric layers. Regular character
of the ionospheric disturbances indicates a possibility to obtain additional information about
the ionospheric structure from RO measurements. This reveals usefulness of RO method for
global investigation of the sporadic E- layers in the lower ionosphere which is difficult to
perform by the Earth’s based tools.

Two new applications of RO technique are considered in chapter 6: (1) bistatic radio location
at small elevation angle and analysis of direct and reflected radio waves propagation effects
conducted during MIR/GEO and GPS/MET RO missions at wavelengths 2, 32, 19, and
24 cm; (2) the absorption of centimeter and millimeter radio waves owing to influence of
oxygen and water vapor in the troposphere. Experimental observation of propagation effects
at low elevation angles has principal importance for fundamental theory of radio waves
propagation along the earth’s surface. At decimeter wavelength band, the total absorption
effect in the trans-atmospheric telecommunication link orbital station MIR - geostationary
satellites was measured at frequency 930 MHz. In this experiment, the refractive attenuation
has been excluded by use of the phase and Doppler frequency data. Important relationships
between the Doppler frequency and the refractive attenuations of the direct and reflected
signals are revealed. These connections allow recalculating the Doppler shift to the refractive
attenuation and open a possibility to measure the total absorption in the atmosphere by
bistatic radar method. GPS/MET and CHAMP (wavelength 19 and 24 cm) RO experiments
opened new perspectives for bistatic monitoring of the earth at small elevation angles. The
absorption measurements are planning for the future RO missions to determine with high
vertical resolution the water vapor abundance at different altitudes in the stratosphere and
troposphere. Two directions discussed in chapter 6 broaden the applicable domain of the RO
technique.

Y.A. Liou
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The remote sensing satellite radio occultation method elaborated for monitoring of the
earth’s atmosphere and ionosphere with a global coverage is described. Comparison of
theoretical results with experimental observations of radio wave propagation effects in the
earth’s atmosphere and ionosphere in the communication links satellite-to-satellite is
provided. Directions in application of the radio occultation method are discussed:
measuring vertical gradients of the refractivity in the atmosphere and electron density in the
lower ionosphere, determination of the temperature regime in the stratosphere and
troposphere, investigation of the internal wave activity in the atmosphere, and study of the
ionospheric disturbances on a global scale. The radio occultation technique may be applied
for investigating the relationships between processes in the atmosphere and mesosphere,
study of thermal regimes in the intermediate heights of the upper stratosphere-lower
mesosphere, and for analysis of influence of space weather phenomena on the lower
ionosphere. Radio-holographic methods are considered as a tool for determination of the
altitude profiles of temperature, pressure, refractivity, internal wave activity in the
atmosphere, and electron density in the ionosphere with usage of the radio links satellite-to-
satellite. Results of radio occultation measurements of the atmospheric and ionospheric
parameters are described. Comparative analysis of effectiveness of the radio occultation and
other remote sensing methods is conducted.
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1. Elaboration of Radio Occultation Monitoring
of Atmosphere and lonosphere

1.1 Stages of elaboration of radio occultation method

The RO technique relies on bistatic radio locations when a receiver is located at an extended
distance relative to transmitter of radio waves [1]. In distinction with the radio tomography
methods (see, for example [2], and references therein), the RO technique may be applied
practically simultaneously to investigation of both the atmosphere and ionosphere. The RO
technique was initially suggested for remote sensing of planetary atmospheres, ionospheres,
and surfaces [1]. During the first space missions to Mars and Venus, a possibility for
investigations of their atmospheres and ionospheres by RO technique was used. The RO
method is based on the next effect: if a spacecraft immerses into and then egresses from a
radioshadow of a planet, a radio ray perigee conducts two «sections» of the planetary
atmosphere and ionosphere. According to the atmospheric and ionospheric influence, the
regular and irregular variations in the amplitude, phase and frequency of radio waves take
place. These variations contain important information about the atmosphere and ionosphere
of a planet [1]. The first investigations of the planetary atmosphere by the RO method were
conducted during 1965 Mariner-4, 6 and 1969 Mariner-7 Mars flyby’s [3,4]. Before
interplanetary space flights, Mars investigations were conducted by use of the earth-based
spectroscopic observations, which have an inherently large measurement uncertainty in
values of the Martian atmospheric pressure and other physical parameters. Information on
the Martian ionosphere practically was absent. The RO sounding performed by three
Mariner spacecraft has clearly shown that this method makes it possible to determine the
pressure and temperature of rarefied atmosphere of Mars and the electron density of
Martian ionosphere. In order to employ large informative potential of RO method, artificial
satellites of planets have been used. In 1971, massive RO sounding of the rarefied
atmosphere and ionosphere of Mars was performed by the first artificial satellites missions
to Mars: Mars 2 and Mariner 9 spacecrafts [5, 6].

The first reliable direct measurements of composition, pressure, and temperature in the
upper and middle atmosphere of Venus were obtained from USSR entry probe missions.
Investigation of Venusian atmosphere via the RO method was started during Mariner 5 and
10 Venus flyby’s [7, 8]. Detailed investigations of the atmosphere and ionosphere of Venus
started in 1975 with usage of the first Venus artifical satellites Venera 9 and 10. By means of
these spacecrafts, the RO experiments at three frequencies were conducted in 50 regions of
Venus [9-13]. During these experiments effects of radio waves propagation through the
ionosphere and dense Venusian atmosphere were studied. Vertical profiles of temperature
T'(h) and pressure P,(h) were obtained independently from measurements of the

amplitude and frequency of radio waves. The second series of RO investigations were
performed in 1978 by the Pioneer Venus spacecraft [14], and third series of experiments
were conducted in 1984 by use of Venera 15 and Venera 16 satellites [15-17]. Investigations
of the Venus atmosphere and ionosphere were conducted at the decimeter (A = 32 cm and
13 c¢m) and centimeter wavelength bands (A =8 cm, 5 cm, and 3.6 cm). These multi-
frequency measurements allow effective conducting RO investigations of thin atmospheric
structures, determining the altitude profiles of temperature, the latitude and longitude
distributions of the wind velocities at different altitudes in the atmosphere, detecting the
atmospheric turbulence, measuring the altitude profile of sulfuric acid density responsible



Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere 3

for the radio waves absorption, and providing detailed study of the ionosphere under
different condition of solar illumination. It is important that the RO investigations of the
atmosphere and ionosphere were provided in mass scale with global coverage. The first
stage of development of the RO method was completed with detailed investigations of the
atmospheres and ionospheres of Mars and Venus. A more comprehensive description of this
stage is given in [16].

The RO investigations of the earth’s atmosphere are possible with usage of two satellites,
one of which radiates signals, while the other spacecraft receives them. During motion of the
satellites, the radio ray perigee passes through the medium conducting nearly vertical
section of the earth’s atmosphere at different altitudes. A possibility of RO method
application to study the atmosphere and ionosphere of the earth has been considered at the
initial stages of investigations. Theoretical estimations of the atmospheric and ionospheric
influence on radio waves propagation in the communication link satellite-to-satellite have
been provided for revealing a sensitivity of radio waves to features in vertical structures of
the atmosphere and ionosphere. Arguments on behalf of RO method in the case of
investigation of unknown atmospheres of planets are different from the arguments in the
case of investigation of the well-known atmosphere of the earth. In the first case, acquisition
of any additional information is justified, while, in the second case, this method should have
advantages over the other traditionally ground-based and remote sensing methods for
collection of meteorological and ionospheric data. In publications [18-26], problem of the
RO remote sensing of the atmosphere and ionosphere of the earth is considered; general
relationships for the changes of the frequency, phase, amplitude, bending angle and
absorption of radio waves were obtained; estimations of the expected atmospheric and
ionospheric effects on radio wave propagation were evaluated for three cases a) two
satellites are moving at the same orbit supporting nearly the same distance, b) geostationary
satellite - satellite moving along a low earth orbit (LEO) and c) LEO satellite - a satellite of
the Global Positioning System (GPS). For these cases, the theoretical dependences of the
refractive attenuation, bending angle, variations of the amplitude, frequency and absorption
of radio waves were obtained as functions of the altitude of the radio ray perigee. The
authors of these publications estimated the necessary accuracies in measurements of the
amplitude, frequency, and phase of radio waves with aim to achieve the required precision
in determination of the ionospheric and atmospheric parameters including the atmospheric
pressure and temperature.

The first RO experiments were made in two satellite-to-satellite links: that of a geostationary
satellite and LEO satellite [25] and that of the Apollo-Soyuz Test Project [26]. The RO
experiments have shown that the atmosphere and ionosphere change the frequency and
amplitude of radio waves in a complex way. Therefore, systematic investigations of the
properties of radio wave propagation along the RO satellite-to-satellite paths are required.
These investigations were started in Russia in 1990 with the use of the orbital station MIR
and two geostationary satellites [27-31]. Radio links of the Ku band (A = 2 cm) and the UHF
radio band (A = 32 cm) with transmitters of increased power and antennas with high
directivity were used. The detailed investigations of the atmospheric and ionospheric
influence on the radio waves propagation and estimations of real possibilities of studying
the earth’s atmosphere and ionosphere by the RO method have been provided by use of
these tools in 1990-1998 years. It became evident that the RO system of investigation of
atmosphere and ionosphere will be effective when high-stable signals are used. The first
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studies proposing the usage of highly stable signals of navigational satellites of the GPS and
GLONASS systems for sounding the earth’s atmosphere and ionosphere appeared in the
late 1980-th [23, 24]. A testing RO system was realized in USA in 1995 year with using a LEO
satellite Microlab having a receiving device for registration of signals of the navigational

satellites GPS, emitting the radio waves in two wavelength bands 4, # 19 cm and 4, #24 cm

[32-39] . Microlab mission functioned during period 1995 - 1998 years and performed nearly
11 000 measurement sessions. The obtained vertical profiles of the atmospheric temperature
and the electron density in the ionosphere were compared with the data of ground-based
measurements, and it has been demonstrated that the RO measurements provide a high
level of accuracy [32-39].

The second stage of the RO investigations included elaboration of algorithms for the data
analysis and practical validation of these algorithms during mission of MIR - geostationary
satellites and Microlab - GPS. The second stage was completed with a detailed study of
characteristic properties of propagation of decimeter and centimeter radio waves along the
satellite-to-satellite paths. As a result of this stage, efficiency of the RO method for
exploration of the earth’s atmosphere and ionosphere has been demonstrated. It became
evident that, in order to provide efficient investigation and monitoring of the atmosphere
and ionosphere via the RO method, it is necessary to construct a system that uses several
satellite-to-satellite paths simultaneously and to develop new methods for analysis of RO
measurements. During the third stage of RO investigation, an international system for
global monitoring of the atmosphere and ionosphere was developed (see Table 1.1.1). This
system currently included several satellites, which can receive signals from the navigational
satellites of GPS system and conduct more than 3000 sessions of RO measurements per day
[40-49]. The international RO system uses the satellites - receivers of GPS signals CHAMP
(2000), SAC-C (2000), GRACE-A (2002), FORMOSAT-3/COSMIC (2006), METOP (2006),
TerraSAR/TanDEM-X (2007), and other, having nearly circular orbits with inclination 75° -
85° at altitudes 500 - 800 km.

Stage Satellite Number of Years of Country
satellites experiments

I MARS 2 2 1971 - 1972 Russia
MARINER 9 USA
VENERA 9 and 10 Russia
PIONER VENUS 5 1975 - 1984 USA
VENERA 15 and 16 Russia

II MIR- GEOSTATIONAR 2 1990 - 1998 Russia
MICROLAB 1 1 1995 - 1998 USA

ITI CHAMP 1 2001 Germany
GRACE 2 2002 Germany - USA
FORMOSAT-3/COSMIC 6 2006 Taiwan -USA
Metop-A 1 2006 ESA
TerraSAR-X 1 2007 Germany

Table 1.1.1. Stages of elaborating of RO method for remote sensing of the atmosphere and
ionosphere
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1.2. RO system for monitoring the atmosphere

To obtain information about the atmosphere and ionosphere for meteorology, climatology,
and geophysics, it is required (1) a global coverage of the earth’s surface by the RO
measurements; (2) high accuracy of measurements and usage of radio signals in different
frequency bands. Global sounding may be fulfilled only by use of many satellites,
transmitting radio waves, and satellites - receivers of signals. The time period required for
sounding of the atmosphere in a given region should be essentially shorter than the time
scale corresponding to the changes in the atmospheric state, and the frequency of
measurements in any region should correspond to the frequency of observations usual for
standard meteorological practice, i.e. one time per six hours. A system consisting of high
orbital satellites with long orbital period and satellites installed in low orbits satisfies these
requirements because difference in orbital periods the low orbital satellites will periodically
immerse into or egress from the earth’s limb relative to the high orbital satellites, providing
RO sounding of the atmosphere above different regions. The scheme of RO sounding of the
atmosphere is shown in Fig. 1.2.1. In Fig. 1.2.1 the satellites, transmitting the radio waves,

are located in points Gj ,j=1,...n+2, and the satellite-receiver of signals is disposed at point L,
point T corresponds to the radio ray perigee and is disposed at the minimal altitude above
the earth surface. For supporting this system of remote sounding of the atmosphere, the
navigational satellites are used as emitters of radio waves. This solves the problem of global
coverage of the earth and assures high accuracy in measurements of atmospheric
parameters owing to high stability of signals, emitted by navigational satellites.

CT11+ 1

Gn+2

Fig. 1.2.1. Scheme of RO remote sensing. G is the occulted navigational satellite, G, is the
reference satellite, L is the low orbital satellite-receiver, Gy... Gn+2 are satellites for measuring
the orbital parameters of the low orbital satellites, and A is the ground-based station for
receiving RO information and data analysis.
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A detailed description of the stages of elaboration and designing of navigational systems,
basic principles, and structure of emitted signals and usage for RO investigations are
published in [50-52]. Navigational satellite systems are destined for solution of navigational
problems, i.e. for determination of the coordinates and velocities of different objects on the
surface of land and sea, in the atmosphere and in the earth’s environmental space.
Coordinates and velocity of any object may be determined from the results of measurements
of its distance from any three navigational satellites, and velocity - from the changes of
these distances, i.e. from the radial velocity. In the radio-technical systems, the distances, as
arule, are determined from the signal delay, and the radial velocity - from the Doppler shift
of its frequency. To increase the accuracy of measurements of the signal delay, it is necessary
to broaden its spectrum. To increase the accuracy of measurements of the Doppler shift, it is
necessary, vice versa, to increase the signal duration. This contradiction may be avoided
under a condition of joint estimation of the delay and Doppler shift in the case of application
of signals with large base. The signal base is equal to the product of its duration and
effective spectral width. Application of the noise-like signals with large base is necessary for
functioning of the navigational system. In the navigational satellite systems GLONASS and
GPS for achieving the high resolution and stability relative to the noise and interferences,
the noise-like signals with phase-manipulation are applied. These signals consist of the
impulse sequences with initial phases having discrete values 0 and 7 . The initial impulse
signal with duration ris divided to N elements. Each of these elements has duration v =
7/N. In this case, the equivalent spectral width of the noise-like signal is by a factor
B =1/1, greater, than the same one of the initial signal.

Navigational system GPS consists of ~29 satellites (canonically 24 plus a few spares) that are
distributed in six circular orbital planes, having inclination 55° to the equatorial plane. The
angle between the orbital planes is equal to 60°. The altitude of satellites is equal to 20,180
km, orbital period is about 11 h 58 m. Distribution of the satellite on the orbits assures
observing five or more satellites above any region of the earth’s surface. Each GPS satellite
continuously broadcasts signals in two frequency bands L1 and L2. All GPS satellites
transmit signals at the same carrier frequencies, which are formed from the frequency
£0=10.23 MHz. The carrier frequency f; (band L1) is equal to 154 fo, and the carrier frequency
fo (band L2) - 120 fo, i.e. 1=1575.42 MHz, and f,=1227.6 MHz. The ratio of the carrier
frequencies is equal to f,/ f=60/77. Signals in bands L1 and L2 are coherent and modulated
by the two pseudo-random codes: the basic P-code with the speed of transmission 10.23
Mb/s and open C/A code with the speed of transmission 1.023 Mb/s. Diagrams of
transmitting antenna illuminate practically uniformly the earth’s hemisphere, as seen from
the satellite. The power of the GPS signal at the output of a linearly polarized ground based
antenna having the gain coefficient +3 dB, is greater than -163 dBW for channel L1 when
using P-code, or -160 dBW for C/A code, and -166 dBW for channel L2. It is planning from
2014 year, that system GPS will have satellites of new generation with increased values of
the signal power.

For supporting the global navigational radio field the navigational system GLONASS will
have 24 satellites, orbiting around the Earth in three planes. The orbits of the GLONASS
satellites are near circular with the altitude about 19,100 km, orbital period 11 h 15 m 44 s
and inclination 64.8°. Orbital planes are displaced by 120° on longitude of the ascending
node. In each orbital plane, eight satellites are disposed with 45° latitude shifting, the
satellites in the neighboring orbital planes are displaced by 15°. This structure of the
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GLONASS constellation assures observation in any region of the earth. Four or more
GLONASS satellites are continuously transmitting the coherent signals in the two bands L1
and L2. The carrier frequencies in the bands L1 and L2 are formed coherently from the
reference frequency 5 MHz. The ratio of carrier frequencies, emitted by a separate satellite
GLONASS in the bands L2 and L1, is equal to f,/fi=7/9. The GLONASS satellites are
transmitting the navigational signals of the standard and heighten accuracy. The signals of
the standard accuracy are formed by modulation of the carriers f; and f, with the frequency
0.511 MHz, the heighten accuracy signals are modulated by a special code with a chip rate
5.11 MHz. The power of the GLONASS signals at the output of a linearly polarized ground
based receiving antenna having the gain coefficient +3 dB, is greater than -161 dBW for the
frequency band L1, and -167 dBW for the frequency band L2

The spaceborne and ground-based segments constitute the system of RO monitoring of the
atmosphere. The spaceborne segment includes the navigational satellites (point G in Fig.
1.2.1) and several satellites - receivers in the low orbits (point L), having qual-frequency
receiver and antenna for the navigational and RO measurements. A key element of the
satellite L is a measuring receiver, conducting registration of the amplitude, phase path
excess of radio waves, and coordinates for navigation. Navigational measurements are
conducted with the sampling frequency 0.1 Hz by use of antenna with zenith orientation.
One or two directional antennae are installed for the RO measurements on the satellite L. If
one directional antenna is installed on a satellite L, the axis of its diagram is located in the
orbital plane of the satellite and oriented to the earth’s limb in the direction, opposite to
vector of orbital velocity. This antenna assures sounding the atmosphere during setting of
the receiving satellite behind the earth’s atmosphere relative to a navigational satellite.
Antenna, oriented in direction of the orbital motion of the receiving satellite, is destined for
observation of the rising navigational satellites. Installation of two antennae increases by
about two times a number of regions, sounded at one orbital turn of a satellite.

For supporting necessary altitude resolution in determination of the atmospheric and
ionospheric characteristics measurements of the signal parameters should be conducted
with a high sampling frequency, this requires a special onboard memory device for storage
of the results of measurements before their transmission to an earth-based receiver station.
To diminish the required volume of memory, the sounding of the upper ionosphere is
provided with the small sampling frequency (10 Hz), and when the minimal altitude of
radio ray GiL is achieved 130 km measurements with the large sampling frequency (50 or
100 Hz) are provided. The results of measurements, concentrated in the onboard memory
device, are periodically transmitted to an earth-based receiving stations, and then to the
Center of Guidence and Data Analysis. The structure of the ground based part of the system
contains a net of the stations for receiving of the satellite information, the measuring centers
that control the orbits and the time onboard the navigational satellites, and the Center for
Guidance and Data Analysis. The scheme shown in Fig. 1.2.1 demonstrates the different
variants of RO sounding: «autonomous», when measurements are conducted only in one
communication link GiL, «differential» for measurements with usage of two communication
links GiL and G;L, and the technique double differencing measurements, that used an
ground-based center (point A).

The Center for Guidance and Data Analysis provides analysis of all information for
supporting high accuracy in the retrieved parameters of a sounded medium and forms the
data bank having several levels and comparison of the onboard clocks of all navigational (G)
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and measuring satellites- receivers (L) and their correction to the precise atomic clock. Also
determination of the coordinates and vectors of the satellites velocities, estimations of the
quality of the primary data, the data analysis with usage of different methods for obtaining
the altitude profiles of the parameters of the sounded medium are conducted in the Center
for Guidance and Data Analysis. The results of measurements and data analysis are
retained, as a rule, in three-level format. The first level contains detailed information
describing measurement conditions. The second level, accessible for customers, contains the
date and time of beginning of measurement session, session number, number of a
navigational satellite, taking part in RO sounding, number of channel of measuring receiver,
the time interval between the sequential samples, value of signal-to-noise ratio in the band
L1 and L2, coordinates and component of velocities of the navigational and LEO satellites,
and values of the phase path excess of the signals L1 and L2, caused by influence of a
medium. Analysis of these data allows one to determine the parameters of a medium in
different region of the earth. Values of the physical parameters of a medium, determined
from the results of analysis of the RO signals, are listed in the data of the third level. These
data contains date, time and number of measurement session, altitude in the atmosphere,
latitude and longitude of the investigated region, refractivity, air density, pressure and
temperature in the atmosphere, the bending angle, and other parameters.

In the present time, the satellites GRACE-A, GRACE-B, METOP-A, FORMOSAT-
3/COSMIC, and TerraSAR - X are used for the RO sounding of the atmosphere and
ionosphere. These satellites provide more than 3000 measurement sessions per day.
Experimental information received from these satellites is analyzed in real time in the
centers of data analysis in USA, Germany, and Taiwan. This system provides the global
control of the current state of the atmosphere and ionosphere and allows one to solve the
next problems:

— monitoring the altitude distribution of temperature, density, and pressure with
high accuracy and high vertical resolution for improvement of weather prediction
and studying the climate changes;

— providing control of the geopotential altitude;

— monitoring of the distribution of water vapor for better understanding the role of
the global water vapor circulation in the meteorological and climatological
problems;

— control of the turbulence and internal atmospheric waves distribution;

— monitoring the ionosphere and revealing connection of the ionosphere and upper
atmosphere with the solar activity and antropogenic influence.

2. Direct and Inverse Problems of Radio Occultation Remote Sensing

2.1. Refractivity, rays, and bending angle

A direct problems of RO investigation of the atmosphere or ionosphere is resolved to
determine the changes of the amplitude, phase or frequency of radio waves in the
communication link satellite-to-satellite, if vertical profile of the refractivity N(h) is known.
This problem was investigated in detail in the publications [16, 21, 22, 28, 29, 37, 48, 52-59].
We will follow these publications during analysis of the RO direct problem. Geometry of the
RO direct problem is shown in Fig. 2.1.1. The satellites are disposed in the points L and G at
the altitudes H;and H,, the earth’s center is located at point O, the radio ray LTG has in the
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point T a minimal altitude H above the earth surface. The radio ray in the free space, in the
segments LL; and GG;, is a straight line, in the segment L1G; the ray is curved because of the
medium influence. Change in the ray direction is described by the bending angle & . Let us

assume that the atmosphere or ionosphere is a locally spherical symmetric medium. Hence,
on the ray segment LiG; near the point T, one may neglect influence of the horizontal
gradients of medium and the refractivity index n(r) depends only on the distance
OC =r=a+h. Let us introduce the altitude /1 of the arbitrary point C on the ray trajectory
and designate a is the earth’s radius, @ is the central angle LOG, r,=a+H,, r,=a+H,,

and 7, =a+ H are, correspondingly, the distances OG, OL, and OT. The decimeter and

centimeter radio waves are used for the RO sounding so that the medium parameters
insignificantly change at a distance equal to the wavelength. Therefore, one may apply the
geometric optics for the analysis of the direct problem. For a spherically symmetric medium,
the following relationships are valid

n(r) r siny = const, (2.1.1)
P AS =const,

where y is the angle between the radius-vector r and the unit vector of a radio ray Iy.

S~
~
S~
~

TR

>~
—
-~
(—Tl

L

Fig. 2.1.1. Geometry of the RO direct problem.

Equation (2.1.2) connects the density of the power flow P and the cross section of a ray tube
AS. Eq. (2.1.2) allows determining the changes in value P, caused by refraction of radio
waves. Derivation of the relationships (2.1.1) and (2.1.2) is described in many monographs
on radio waves propagation (see for example, [59]). It follows from (2.1.1) that the altitude
dependence of the refractive index n(r) determines the main features of radio waves

propagation.
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Let us consider the features of the altitude profile n(%). The distinction of the refractive
index n(h) from unity is very small. Therefore, it is convenient to introduce the refractivity
N equal to N =n—1. The refractivity N depends on the pressure P,, temperature 7, , and
humidity w,

. 481 _
N="75p 104 ) o6 (2.1.3)
Ta Ta

where the pressure and humidity are expressed in millibars, and the temperature is
measured in Kelvin. The hydrometeors in the troposphere (rain, snow, mist, ... etc)

introduce a small addition AN, determined by an approximate relationship AN ~1.4 w,

where w_is the water content expressed in g/m?. It is important that N in the atmosphere

does not depend on the frequency. In the troposphere, the pressure and humidity are
diminishing when the altitude / is increasing according to an exponential dependence, and
the temperature has a nearly linear change as function of height. Hence, the altitude profile
of the refractivity may be approximated by an exponential law

N =N, exp (-b, ), (2.1.4)

where Nj is the refractivity near the earth surface. Values Ny may be determined by use of Eq.
(2.1.3) from measurements of P;, T,, and w, . In the moderate latitudes, Ny on average is equal

to 3.06 10-4 in winter, in summer this value is near to 3.3 10-4; the parameter b; is equal to 0.13
km-1, it changes in 0.12 - 0.14 km-! interval. Value b; may be determined from the magnitude
of Ny if one accounts for insignificant changes of N at the altitude 10 km, where N is equal to
9.2 10-5. Therefore, with accounting for expression (2.1.4), one may obtain

-5
b=t | 22107 (2.15)
10 N,

It follows from the relationships (2.1.3), (2.1.4), and (2.1.5), that the approximated
dependence N(/) may be found from the near surface values of pressure, temperature, and
humidity. The real profiles N(h) may differ from the exponential dependence. The more
accurate form of vertical profile N(h) may be described by the relationship

N (k)= N, exp(-a, h* b, h) . (2.1.6)

Approximation (2.1.6) corresponds in average good to the actual dependence N(/), however
it does not account for the features of N(h) at the tropopause and in the troposphere, where
temperature inversions and clouds permanently exist . More detailed information on the
altitude distribution of N in the troposphere is given in [60-62].
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Let us consider dependence of the refractive index on the frequency and altitude in the
ionosphere. It is known that the plasma’s refractivity is determined at high frequencies by a
simple relationship

N=-yN, f 7, 2.1.7)

where y =40.3, the electron density N, is expressed in m-3, and f if the frequency in Hz.
Derivation of this formula is given, for example, in [59]. It follows from (2.1.7) that N is
negative and dependence N(/) repeats the altitude profile of the electron density of
ionosphere N, (%) . The refractivity diminishes as f2 when the frequency f increases. Vertical
profile N,(/) may be described by different ways in the area, located above the main

ionospheric maximum, when h>h,, and in the lower part of the ionosphere when h<h,,. In
the upper part of the ionosphere N, (4) may be satisfactorily described by an exponential

dependence
N, =N, exp[~b,(h-h,)], (2.1.8)

where Nm is the electron density in the main ionospheric maximum, h, is the altitude of the

main maximum of the electron density, b, is the parameter, characterizing the speed of

diminishing of the electron density when the altitude increases. For the part of the
ionosphere, located below the main ionospheric maximum, it is difficult to find the
appropriate approximation, describing dependence N, (/). As a rough approximation in

this region, one may use a formula

2

h, —h

e, 121 | 219)
d2

This approximation corresponds to abatement of the electron density up to zero at the
altitude h=h, —d, where d, is the approximated width of the lower part of the

ionosphere. Vertical profiles N, (/) depends on the daytime, season, latitude, and solar

activity. If h<h,, dependence N, (/) has a complex form: in this area the regular ionospheric
layers F; and E are located, irregularly additional sporadic plasma E; layers appear in this
area. The rough approximation (2.1.9) does not account for these features. There are
numerious publications with detailed description of the distribution of electron density. The
International Reference Model of the Ionosphere (IRI) [63, 64] has been designed for
presentation of the standard altitude dependences N, (/) in the Internet.

Let us analyze the refraction of radio waves in situation shown in Fig. 2.1.1. It follows from
formula (2.1.1)
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Fig. 2.1.2. Geometrical scheme for estimation of the refractive attenuation.

(a+H)n(H)=(a+H,)n(H,)siny, =(a+H,)n(H,)siny, = 2110)
=(a+h)n(h)siny = p.

We assume thatn(H,) =n(H,) =1, therefore
(a+H)n(H)=(a+Hg)sin;/g =(a+H,)siny, =(a+h)n(h)siny = p.

In these relationships p =L 0O =G,0 is the impact distance (or the impact parameter

beeing constant on the radio ray), H is the minimal altitude of radio ray in point T, n(H) is
the refractive index in this point. The radius-vector r and radio ray in the points G, L, and C

constitute the angles 7, 7, and y . The angles LL;O and GG1O are equal to 90° (Fig. 2.1.1).

From Eq. (2.1.10) one has a relationship for the ray in a spherically symmetric medium

p .
<r2n2 () - p2 )1/2

tgy = (2.1.11)

It follows from Egs. (2.1.10) and (2.1.11), that a radio ray passing through the given points L
and G is determined by the altitude profiles of the refractive index n(4)and parameter p. In
the case of multi-path propagation through point L and G, several ray lines with different

values of p and H may pass.
Below we will find a relationship for the curvature radius of a radio ray in a spherically

symmetric medium R, =dl/d& . We consider two points C and C; on a ray. The
corresponding change of the bending angle is d& and the length element is dl = CC;. Then,

according to the geometrical scheme shown in Fig. 2.1.2, one can obtain the next
relationships
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dé=dy+do , (2.1.12)
dh=dlcosy , (2.1.13)
do = (a+h)'tgydh, (2.1.14)

where d@ is the angle between the vectors r; and r, dy =y —y,, dh=h —h. Accounting

for Egs. (2.1.12), (2.1.13), and (2.1.14), one may obtain the following relationship for radius of
the ray curvature

R, = g . (2.1.15)

Siny+(a+h)il;l/cos7/

By usage of Eq. (2.1.10), one may obtain

R, = —n_l_q , (2.1.16)
—SIin
a7

where n1, y and R, depend on the altitude h. It follows from (2.1.16), that in the point T
dn'
=—n|—| .
a (dh}

Below we will find the bending angle altitude dependence. According to (2.1.12), the
bending angle is equal to

§=2I(d—y+ﬁ h, (2.1.17)
o \dh  dh

where the factor 2 accounts for the refraction along the lines LT and GT. By use of Egs.
(2.1.14) and (2.1.10), one may find

£=-2| Ldn ovin. (2.1.18)
iy dh

By use of Egs. (2.1.10) and (2.1.18), one may obtain a formula for the bending angle in a
spherical symmetric medium
21l dng , , o,y
__gp fLAn dr, 2119
S(p)=-2p 1{ - dh( P’) (2.1.19)
where, according to (2.1.10), p =(a+ H)n(H) . Below we assume that, according to (2.1.4)

and (2.1.8), N(h) depends on the altitude as an exponential function. Then one may obtain

a simple approximation for the altitude dependence £(/) . After introducting a new
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variable x = bh and assuming that the next inequality is fulfilled ba N(H) <<1, one may
obtain from (2.1.19)

exp (—x) dx

£=2b (a+H)N, | __, (2.1.20)
o [X (X+2b (a+H))J
therefore
E=2b (a+H) N, exp(-ba) J, (b (a+H)) , (2.1.21)

where J is the Bessel function of an imaginary argument, N(H) is the refractivity at the

altitude H . Assuming that b(a+ H) >>1 and by use of the asymptotic presentation of J,,

one has

&~ N, (27 ba)” exp(-bH). (2.1.22)

It follows from Eq. (2.1.22) that, if the refractivity N(/) depends on the altitude according

to an exponential law, then the bending angle will depend on the minimal altitude of radio
ray H according to the same law. By use of the approximated dependence N(h) (2.1.6), one
may determine from (2.1.19) the bending angle for different atmospheric conditions and for
different regions. Typical values of the bending angle & are in the 70-84, 380-390, 1410-1500,
and 3400-3900 intervals of angular seconds for the altitudes H equal to 29, 20, 10, and 2 km,
respectively. In the troposphere (H= 1-7 km), the bending angle may have strong variations.
The atmospheric refraction does not depend on the wavelength, and in the ionosphere the
bending angle & is proportional to the square of the wavelength. Refraction in the
ionosphere depends on vertical gradient of the electron density according to (2.1.7):

dn/dh=—-y f dNe

: 2.1.23
m (2.1.23)

In the upper ionosphere under conditions #>#h, , and 4 <h,, when the approximation

(2.1.8) is valid, the radio ray is deflected correspondingly from or to the earth surface.

2.2. Refractive attenuation, frequency changes and phase of radio waves
Refractive effect leads to deformation of rays structure. Let us consider a ray tube, having at

point G in the plane of Fig. 2.2.1 the angular size d}/g , and in the perpendicular plane the
dihedral angle d y , and then find the size of the ray tube in point L. This tube is bounded in
the plane of Fig. 2.2.1 by dotted ray lines GL and GL,. A circle having the radius 1; and

center in point O intersects with the dotted ray lines in points L, L, therefore LLy= rd@ .
The linear size of the ray tube in point L is equal to

LLs=LL;cosy, =r,cosy,dd .
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L) (}1 T~ E

Fig. 2.2.1. Evolution of the ray tube owing to refraction effect in a spherical symmetric
medium.

The size of the ray tube in the plane perpendicular to the plane of Fig. 2.2.1 is equal to
r,sin @ dy . The cross section of the ray tube §, in point L is equal to

S, =r"sin@ cosy, d0dy . (2.2.1)

In the free space when the refraction effect is absent the ray tube having in the point G the
angular sizes d]/g and dy , will have in point L the cross section

S, =L’ sin 7. dy.dx

where I’ = 7" + rgz — 21,1, cos0 is the distance between the point L and G. The refractive
attenuation of radio waves X is equal to a ratio of the power flow in the case when the
refraction is present P, to the power flow in the case of radio waves propagation in free

space £,

P [*siny. d
x=B_ 5% =747, (222)
F, S, rsin@cosy,dd

To exclude from transformation (2.2.2) the angles 7, and y, , one may introduce the impact

distance p and refraction indexes n g andn, relevant to the points G and L. To achieve this,

one may use a connection (2.1.10)

-1/2
dy, = (nz,r2 —pz) dp (2.2.3)

g g
1/2

2
: p
siny = , cosy, =|1—5+
8 ngrg [ n12}?2
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Let us introduce the derivative d@/dp in the relationship (2.2.2) instead d6/dy, . To

achieve this aim consider a quadrangle LOGE , where the point E in Fig. 2.2.1 corresponds
to intersection of the tangents to the ray lines LL, and GG, . From this quadrangle, it

follows
O=y,—-y,+<. (2.2.4)

After accounting for (2.1.10), one may obtain

0 =sin"' (nir] —sin”' (np - J +& (2.2.5)
1"

g g

and after differentiation of equation (2.2.5) with respect to p , it follows

dg d
S

-1/2 -1/2

~(nf 5 -p*) . (2.2.6)

After substitution of (2.2.3) and (2.2.6) in (2.2.2), one may find a relationship for the
refractive attenuation of radio waves

p(r[2 +rg2 -2nr, COSH)

o, siné’{(rf _p? )1/2 +(7’g2 _p? )1/2 —6:;;&(7’12 _ )1/2 (r; _p )1/2}

X =

(2.2.7)

It is assumed during elaboration of Eq. (2.2.7) that n, =n, =1. The final relationship (2.2.7)

allows one to analyze the refractive attenuation of radio waves for a general case of arbitrary
dependence of the refractivity on the altitude. If the bending angle is small (this case may
correspond to the upper part of the atmosphere and to high frequencies in the ionosphere),
then the formula (2.2.7) may be simplified by use of the approximate relationships

2
r,z+rg2—2 rlrgcosH:Lzz(Lg+Ll) , (225)
P-pi=L, ri-p=L,

where Lg ~GE, L, = LE, and the distance between the satellites GL = L . It follows from
Eq. (2.2.7), with accounting for (2.2.8)

p(L,+L)

1, 1;8in H(Lg +L,-L,L, dé&}
dp

X =

(2.2.9)
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According to (2.2.9), the refractive attenuation is determined by distances L, , L, and
derivative d&/dp . Eq. (2.2.9) allows finding dependence of the refractive attenuation on the

altitude H for arbitrary vertical profilen(h). In the case, when L, >> L, one may obtain
from Eq. (2.2.9)

X~ P . (2.2.10)
7, sin @ [1+L, fj
dp

When the bending angle is small, p = r; sin @ , it follows from (2.2.10)

X~ [1 - ﬁj_ . (2.2.11)
dp

For the exponential dependence of the refractivity N(%)on the altitude (2.1.22), one may
obtain from (2.2.11) a simplified relationship

1

X ~|1+bL (27 ba)” Nyexp (~bH)]| . (2212)

The relationship (2.2.12) gives an estimation of X for H > 8 km in the case when the
relationship (2.1.4) is a good approximation of the real dependence n(%). In the interval
H <8 km , where the layered structures exist, it is necessary to use Eq. (2.2.9), determining
the derivative d&/dp by use of more realistic dependence n(%). In publications [28, 29],
dependence X (H) for different profiles N(h)was analyzed. This analysis demonstrated,
that the refractive attenuation X is notable at the altitude H = 25 km, and at the height
H=20 km X=2 dB. At the altitudes H =18-25 km, dependence X(H) has a good
correspondence with the approximate formula (2.2.12), because at these altitudes, where the
atmosphere is nearly isotermic, the formula (2.1.4) is valid. At the tropopause (H =9-17 km),
there are significant changes of X (/) with sharp maximum and minimum. The amplitude
of these variations depends on the specifical features of the temperature altitude profile
T'(h). In the troposphere, owing to influence of layered structures, the altitude dependence
X(H) has strong variations, in average at the heights // =8 and 2 km, the refractive

attenuation is equal to 5.5 and 8 dB, respectively. The ionospheric changes of the amplitude
of decimeter waves may be significant in the altitude interval /4 =100-150 km because
influence of a large vertical gradient of the electron density. The ionospheric refractive
attenuation may be strong in the meter wavelength band so that the case of critical
refraction can be observed.
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Fig. 2.2.2. Geometric parameters used for estimation of the Doppler frequency.

To find the changes of frequency, caused by an influence of the atmosphere or ionosphere,
consider the scheme in Fig. 2.2.2. The coordinate system is connected with location of the
GPS satellite. In this system, the satellite G is moveless, the satellite L is moving with the
projection v of the velocity vector in the plane of Fig. 2.2.2 on the perpendicular to the
dotted straight line GL, and v; is projection of the satellite L velocity on the straight line GL.
Let us introduce the angles @ and [ between the tangents to the ray lines in the point G

and L and the straight line GL. The Doppler shift due to the atmospheric or ionospheric
influence Af, is determined by projection vi and v; on the ray line at point L

Af., =27 (V,cos f+V,sinB). (2.2.13)
When the atmosphere is absent, the frequency change due to the satellite motion is equal to
Afy=2"7V,. (2.2.14)

The frequency change Af due to only the atmospheric or ionospheric influence is
determined by the difference

Af =AM, = Ay = A [Vz (cos [~ 1) + 7 sin ﬂ:| . (2.2.15)

Therefore, the frequency change due to atmospheric or ionospheric influence is determined
by the angle S and components vy, v of the satellite velocity. From (2.2.15), one has

V(AN +1,) =V, (V2 = 22A1* —227,A7)
I/]Z +I/22

B=sin"' (2.2.16)
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The angle 8 depends on the bending angle & since from the geometrical scheme shown in

Fig. 2.2.2 it follows
I’ = rg2 +r7 =2 1,1, cos 0,
5g =sin™ (rgL’1 sin 9),
5, =sin”' (r, L'sin 9),
p=rsin’ (B+5,),
a =sin”' (p rg’l)—5g,
E=a+p.

(2.2.17)

Formula (2.2.15) or (2.2.16) and relationships (2.2.17) give a connection of the Doppler shift
Af and bending angle Efor a general case, when r, and r, are arbitrary. If the satellites

have the same altitudes and 7, =7,, then E=20; if r, >>1;, then & ~ B . If the bending

angle is small and 7, >>7;, then a simple approximation follows from Eq. (2.2.15)

Af =27V E. (2.2.18)

According to Eq. (2.2.15) or (2.2.18), the frequency change Af owing to the atmospheric or
ionospheric influence is inversely proportional to the wave length and is depending mainly
on the bending angle & and the satellite velocity componentV, . If V; =1.5km-s-1 and A =
30 cm, the typical atmospheric frequency change is about 3.6 Hz at the 20 km altitude. When
the altitude /' diminishes, the frequency Af increases according to a nearly exponential

law and achieves 80-110 Hz at the altitude /=4 km. According to changes of the
meteorological conditions and vertical profiles N(/) variations in the altitude dependence

of the bending angle & and frequency shift Af (/) take place. In the ionosphere, according
to (2.1.7) and (2.1.19), & ~ f ~  Therefore, the ionospheric changes in the frequency shift Af

are raising when the wave length increases. In the lower ionosphere, Af is relatively small:
for V= 15 km's1 and 4 =30 cm Af changes in the - 0.5...+ 1.5 Hz interval in the

H=80...120 km altitudes interval.

Let us analyze the atmospheric changes of the phase Ag=¢p-g, where ¢ is the signal phase
relevant to the curved ray GTL, and ¢, is the signal phase, corresponding to the dotted
straight line GL in the case when the atmosphere is absent (Fig. 2.2.2). The signal phase ¢ is

determined by an integral

r © ndr % nrdr n’r dr
(p:kjndzzkj —k kj —_— (2.2.19)
G G Cosy (nr— 8 nr—p
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This relationship follows from the geometrical scheme Fig. 2.2.2 and Egs. (2.1.10), because of

connections dr =cosy dl, rnsiny =p, k=2r A7 If the atmosphere is absent, then
1/2 12
@, =k |: (rgz —poz) +(rl2 —p02) il, (2.2.20)

where p, =T,0O is the minimal distance from the straight line GL to the point O. After

integration on part in Eq. (2.2.19), one can find

d

—k( 2,2 _ 2)“2+( 22 2)1/2_T ”rzc;:d’” _]1‘ nI”ZdZdr ..
p=k|{n,r,—p nn —p rl(nzrz—pz)l/z ,t<n2r2_p2)l/2 . (22.21)

Eq. (2.2.21) may be transformed to the relationship

o=k [0 =) i) -

_’ ;E<n2r2 _p2 )1/2 dr— :%%<nzr2 _pz)

(2.2.22)

1/2

dr+p.§].

Assume that in the points G and L the refractivity indexes are equal to 1,n, =n, =1. Then,
one can find the phase difference from Egs. (2.2.22) and (2.2.21)

Aqﬁzk(Ll* +L2*)=k|:(l”g2 _pz )1/2 +<’”/2 _p2 )1/2 _(rgz —pé )1/2 —(7”12 _pé )1/2 —|—p§j|+
- (2.2.23)
+k[2jl?(n2r2 -p° )1/2 dr].
n ar

where p=L0=GO , and p&=LiGs. The first term in the square brackets (2.2.23)

corresponds to the difference between the distance along the curved ray GGiLiL and the
distance along the straight line GL. The second term (2.2.23) is relevant to the changes in the
phase path because of vertical gradients of the refractivity. The phase difference in (2.2.23) is

expressed by use of eikonal A ¢ =271 (L, +L,) . The atmospheric change A ¢ is inversely

proportional to the wave length, the ionospheric part of Ag is proportional to the wave

length. Eikonal L*1 +L*2 has approximately values 1.9 m, 15 m, 97 m and 464 m for the

altitude H equal to 29, 20, 10 and 2 km, respectively.
The refractive attenuation X, Doppler shift Af'and phase difference Ao may be expressed

as functions of the bending angle & . Therefore dependences X (H), A f(H)and Ap(H)
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are connected. When finding approximate connections we assumed for simplicity that the
bending angle is small, the distance OG is essentially greater than the distance OL, i.e.

L ¢ > L, , and accounted for a relationship

_1.d (Ap)
Af = y. & (2.2.24)

by usage of Egs. (2.2.11), (2.2.18) and (2.2.24), one can obtain the next relationships

X{l—( Le J.d(Af)} , (2.2.25)

F)
-1
Le d*(A
X 1-—L . (2¢) . (2.2.26)
2r f VY, dt

These approximate Eqs. are obtained under assumption that vi does not depend on time. It
follows from Egs. (2.2.25) and (2.2.26), that variations of the refractive attenuation are
proportional to changes of derivative of the frequency shift Af with respect to time or to the
acceleration of the phase difference A¢ . These approximate relationships may be useful for

identification of contributions from layered structures or for observation of wave
phenomena in the atmosphere.

2.3. Inverse problem of RO remote sensing
Solution of the inverse RO problem consists in finding the altitude profiles N(h) and Ne(h) or

other parameters of medium from experimental dependences A@(¢),A f(t), and X(t). For

solution of inverse problem the satellite coordinates and their velocities will be considered
as known functions of time. It follows from Egs. (2.2.7) or (2.2.9) that the refractive

attenuation X is determined by the derivative d& /dp . The frequency shift A /', according
to Eq. (2.2.15) or (2.2.18), depends on & . It is essential, that d& / dp may be determined from
the amplitude, and & — from the independent frequency or phase experimental data. To

solve inverse problem it is necessary to find the altitude profile N(h) from dependences
d&/dp or & ontime by use of Eq. (2.1.19). Let us introduce the new variables

y=r'n"—R*, z=p -R*, (2.3.1)

where R is the radius, corresponding to the upper boundary of the atmosphere or
ionosphere. Then from Egs. (2.1.19) and (2.3.1) one may obtain

~12 d[ln n(r)] i

o (2.3.2)

§=-2p j (y-2)
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The Abel transformation should be applied to solve Eq. (2.3.2)

z -1/2 d F2 y
RG] -9 L g
s (2.3.3)

R)=2]) R .

where Fy are the arbitrary functions. It follows from Egs. (2.3.3) that solution of Eq. (2.3.2)
has a form

-1/2

ln[n(r)]:%]gf(p)(pz—rz n2> dp . (2.3.4)

Eq. (2.3.4) gives inverse transformation of the bending angle & to the altitude profile of the
refractive index of radio waves n(r). Eq. (2.3.4) may be simplified accounting for the next
approximation In[n(r)]=N(r), rn=r:

ijf(p)(pz—rz) dp . (2.3.5)
This relationship determines the altitude profile of the refractivity N(h), if the bending angle &
is found from the frequency shift A f or the phase difference Ap . Depending on the
construction the low orbital satellite receiver can conduct the frequency measurements A f
(frequency meter) or the phase difference Ap (phase meter). If the phase difference Ag (7) is
measured then for usage of Eq. (2.2.24) one should differentiate Ag (¢) with aim to find A f".

The refractive attenuation of radio waves may be applied for solution of the RO inverse
problem. The following connection between p, X (¢#) and the impact parameter of the

straight line GL p_ has been found in [22]
pdp / dt = X(t)psa’pS /dt . (2.3.6)

Solution of Eq. (2.3.6) can be given in an integral form [22]

p-po= | Xit(p)ldp, . (237)

Pso

Eq. (2.3.7) gives a temporal dependence of the impact parameter p(z) if the initial values
Do = Po(t,) and p , = p . (¢,) at the time instant ¢, are known. Assuming |p-ps|<<ps, one
obtains from (2.2.11)
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de(p) _|,__1 | L (2359)
dp X(0]LL, o

Equation (2.3.8) gives temporal dependence of d&(p)/ dp . Thus the amplitude data may be
used for restoring the impact parameter p(¢) , and the derivative d&(p)/dp . These

temporal dependencies may be used to find vertical distribution of vertical gradient of the
refractivity dN(h)/dh [65, 66]

dN(hy/ dh=-n* (h)J (p)!{p[1+(p)]}.

_lwﬁ i i_ (239)
J(p)—ﬂ_}[dx ln£p+ /pz 1de.

Egs. (2.3.8), (2.3.9) can be applied for solution of the RO direct and inverse problems: finding
the refractive attenuation variations for given refractivity profile (direct problem) and
retrieving the refractivity distribution from given refractive attenuation variations.

Vertical profiles of the electron density of the ionosphere N,(/#) may be found also from
formula (2.1.7).

Accounting for additional relationships the atmospheric temperature T,(h) and pressure
P,(h) can be found. To determine the atmospheric temperature T, it is necessary to use the
ideal gas state equation

P=K, n, T, , (2.3.10)
where K;, =1.381 10-2 [Tx /K is the Boltzmann constant, equation of hydrostatic equilibrium
dP, =-m,g n,dh, (2.3.11)

where m, is the molecular mass, g is the gravitational acceleration, 1, is the gas density, and
connection between the refractivity and temperature, pressure, and gas density

N=uPT =uKyn, . (2:3.12)

Factor y, depends on the gas composition. For the dry air, when influence of humidity may

be neglected, according to Eq. (2.1.3), 4 =77.6. By usage of the system of Egs. (2.3.9)-
(2.3.12), one may obtain

T{Nl ma p
=N TN hj} g(h)N(h)dn, (2.3.13)

T, (h)

where T1 and N; are the temperature and the refractivity at the altitude hy. To find T,(h)
from (2.3.13) it is necessary to introduce the initial values of parameters T; and N; at the
boundary of the upper part of the atmosphere, for example at the height 711=50 km. The
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inaccuracy in the initial values of T1 and N practically does not influence on vertical profile
of temperature below 71<35 km.

As shown in [66] for the case of a wet atmosphere a connection exists between vertical
gradients of the temperature and refractivity

dT, (h) adN(h) T

7 [T, (W) ==[N(h)] m —];xh), (2.3.14)
T, (h)=T(h)/{1+4810e(h)/[ P(h)T(h)]}, bl s
T, ~34.16 K/km,

T, (h)=T(h)[1+0.378e(h)/ P(h)], (2.3.16)

where T(h) is the temperature of the atmosphere in K, T\, (h) is the “wet” temperature of the
atmosphere depending on the water vapor pressure e(h) and atmospheric pressure P(h) in
hPa, respectively. Eqs. (2.3.14)-(2.3.16) connect vertical gradient of the logarithm of the
refractivity with Vertical gradient of logarithm of the “wet” temperature T\, (h). At the height
above 10 km Egs. (2.3.14)-(2.3.16) may be used to find vertical gradient of the temperature
profile if the refractivity gradient is known. Integration of Eq. (2.3.14) may give vertical
profile Ty, (h) if an initial condition is known at some height h,,

T, () =T, (h )N (k)N (h)+

heg
TN (h) [ N(h)/{(1+0.378¢/ p)[1+4810¢/(pT)]} dh. 217
h

Eq. (2.3.17) gives vertical temperature profile Ty (i) for the general case of the wet
atmosphere. For the case of dry atmosphere e()=0 and more simple equation may be
obtained from Eq. (2.3.17) [67]

T(h)=T.N"' (h)]o N(x)dkx. (2.3.18)

Practically solution of the RO inverse problem uses multi-stage algorithm of the
experimental data analysis. The scheme of monitoring of the atmosphere and ionosphere by
RO method is given in the Table 2.3.1.

Block 1 includes input experimental data containing changes of the amplitude, phase or
frequency of radio waves. Dependence of the impact distance on time p(¢) is obtained from

the satellite trajectory data (block 2) and relationships (2.1.10). Then dependence & or
d&/dp on the impact distance p may be found by use of expressions (2.2.15) and (2.2.9)

(block 3). Block 4 corresponds to the Abel transformation in form (2.3.5) or (2.3.6). The Abel
transformation allows finding the altitude profile of the refractivity from dependence of the
bending angle on the impact distance. Electron density of the ionosphere is found in block
10 according to Eq. (2.1.7) from data of block 4, and then from formula (2.3.12) the gas

density is determined (block 6). Altitude dependences of temperature and pressure are
found from Eq. (2.3.13) (block 9) and Eq. (2.3.9) (block 8), respectively. As follows from this
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table the practical solution of the inverse RO problem is very complex. The first stages
including accurate registration of variations of the amplitude, phase or frequency of radio
waves as functions of time and their connection with the trajectory data are especially
difficult. The described approach does not account for the influence of humidity this is valid
for altitude 4 >8 km . For accurate temperature determination in the troposphere it is
necessary according to (2.1.3) account for the contribution of humidity w, in the refractivity

N. The altitude distribution of humidity w, (/) should be found from additional data, for

example, from absorption of radio waves (block 13). Detailed determination of dependence
w, (h) from RO data is given in section 4. Variations of the amplitude and phase of radio
waves give additional information about atmospheric waves and small-scale irregularities
in the atmosphere and ionosphere (blocks 12 and 11) . Method, corresponding to blocks 12
and 11, will be described in chapter 4.

1
Variations in the field strength £(7), phase Ao, and frequency Af

< < ~ Satellite trajectory data [~

V

3
Bending angle &,
derivative d€/dp

V

4
Altitude profiles N(4) and
Ne(h)

5
< N(h) and gas
density n,(h)

\4

6
Neutral gas density

7
Ideal gas state and

hydrostatic
<|  equilibrium
equations
\2 V \4 A2 \'4
13 12 1 10 9 8

Altitude |Atmospheric| Ionospheric | Electron |Temperature| Pressure
profiles of | waves and |irregularities| density
humidity | turbulence

Table 2.3.1. Scheme of determination of the atmospheric and ionospheric parameters by
radio occultation method
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Two essential assumptions have been made in this section: (1) medium is spherically
symmetric and (2) multi-path propagation is absent. Also reflections of radio waves by the
earth surface should be accounted for because the satellite antenna diagrams are broad and
reflected radio waves are registered in the receiver. However by appropriate filtration of the
received RO signal the influence of the reflected wave may be excluded.

3. Radio-Holographic Methods For Solution Of The RO Inverse Problem

3.1. Radio waves, rays and back-propagation. Problem statement
In the case of one ray propagation, the orbital trajectory is intersected by only one ray that

has the bending angle £ and the Doppler frequency Af . The bending angle & can be found

if the ray direction is known. However, it is difficult to measure the ray direction near the
caustics and multi-path areas by phase measurements alone because of the mutual
interference of the radio waves propagating in different directions. The multi-path effect
may have a different origin: refraction in the atmosphere, reflection from the earth’s surface,
diffraction or other effects. Characterizing this task as a wave problem allows determining
dependence of the bending angle on the impact parameter. In this chapter the back-
propagation method (BP), radio-holographic focused synthetic aperture approach (RHFSA),
General Inversion Operator (GIO) transform, Fourier integral operators (FIO), spectral phase
matching method (SPMM) will be considered. These methods use numerical techniques for
determining the bending angle. It is difficult to compare the effectiveness of different
methods. Therefore description of principal features of the aforementioned approaches will
be examined in this chapter.

Radio holograms are the result of the registration of the amplitude and phase of the
electromagnetic waves along the LEO trajectory during RO experiments. It is necessary to
first obtain an altitude profile of the bending angle from analysis of the radio-hologram, and
then to find dependence of the refractivity N(/)on the height in the atmosphere and/or in

the ionosphere.
Basis of the considered methods is presentation of the field along the LEO orbital trajectory
as a superposition of the plane waves with the phase depending on the direction of

propagation [68]. The electromagnetic field of a plane wave £ may be written in a form
E(w,r,1) = 4, exp[i(—a) t+kr—(/))]. (3.1.1)

where A4, — is the wave amplitude, @ — is the circular frequency, K — is the wave vector

determining the direction of wave propagation, r — is the spatial vector parallel to the
direction from the center of the coordinate system ZOY - point O to the observation point,
@ — is the phase of radio wave. Point O is disposed in the center of spherical symmetry of

the atmosphere. Equation (3.1.1) may be presented in the form
E=A4,exp (—miwt),A,=Aexp[—i(kr—¢)], (3.1.2)
kr= k,z + kyy, (3.1.3)
k?=47’A7 =w’c? =k, + ky2 : (3.1.4)
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Egs. (3.1.2) - (3.1.4) determine the frequency, direction of propagation, the amplitude and the

phase of a plane wave. Equation (3.1.2) is a partial solution of the wave equation in free space
0’ 4y, s 0 4y,
0oz> 0y

After introducing the angle @ between the wave vector K and direction OZ one can obtain

+k*4,,=0. (3.1.5)

k, =k cosa, ky =k sina. (3.1.6)

It is convenient to introduce a new variable u
u=sina. (3.1.7)
After substitution of Eq. (3.1.7) in Eq. (3.1.6) next relationship can be obtained

k, == k(l—uz)l/z . (3.1.8)

The complex amplitude of the plane wave has a form

1/2
Ay (z,y)=A,exp (ip)exp | iz k(l—uz) } exp(iuy), if z20
(3.1.9)

1/2
A, (z,y) =4 exp (ip)exp -izk(l—uz) } exp(iuy), if z<0

The first equation (3.1.9) describes the plane waves with wave vector having a positive
projection on the OZ axis. This equation corresponds to radio waves propagation during RO
experiments. The second equation (3.1.9) is relevant to the plane waves propagating in the
opposite directions. The field in the homogeneous part of medium may be presented as an
integral sum of solutions of wave equation (3.1.9) [68]:

o0

Ay(z,y) = 217[ [ A(u) exp[i k(z—zo)(l—uz)l/z}exp(i uy)du, z-z520  (31.10)

Here A(u) is a complex angular spectrum describing the amplitude and phase of the partial
plane waves with the direction of propagation depending on the variable u . General
solution (3.1.10) is corresponded to the initial condition on the straight line z = z, , where the

complex amplitude is equal to

OF A(u)exp(i uy)du. (3.1.11)

Ay(z=z5,y)=—
wl Oy) 27T =00
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It is assumed that the straight line z = z,, is located in free space and that the field inside the

earth’s ground is negligibly small. Expression (3.1.10) is the Fourier Integral Operator. By
applying the Inverse Fourier transformation to equation (3.1.11), the function A(u) is

determined by using the known function 4,,(z, y) atz = z,,:
o0
Au) = _LO Ay(z=z,,y) exp(-iuy) dy. (3.1.12)

The function 4(u) is the angular spectrum of the field. Relationship (3.1.10) indicates that

the field in an arbitrary point of free space may be presented in the form of superposition of
plane waves. Each plane wave has corresponding ray trajectory, a structure of the ray
trajectories in any point of space is determined by the angular spectrum of the field.

The direct transform (3.1.10) will be used for analysis of RO data. Let us consider a 2-D
problem with a scheme shown in Fig. 3.1.1. The point O corresponds to the earth’s center
and coincides with the center of the rectangular coordinate system ZOY. For simplicity, it
will be assumed that the orbital planes of the satellite G, and satellite L coincide with the
plane ZOY. This is not principal for the analysis of the RO experimental data and for
understanding the problem of data analysis. Trajectory of the receiving satellite L during RO
measurements is shown by curve LiL,. The amplitude and phase of the field are measured
at the segment L1L,. If at point L only one ray intersects the segment L;L,, then the bending
angle &£(p) between the direction of the ray wave vector k and OZ axis can be measured as a

single-valued function of the impact parameter p. In some atmospheric conditions with

special form of vertical profile of the refractivity N(%), several rays may intersect the
segment L[;1L, in different directions, which corresponds to multi-path effect. Due to
influence of the multi-path effect, measurements of the phase of RO signal do not allow
finding of the bending angle as a single-valued function &(p) . Therefore, it is necessary to
find location of the single-ray propagation areas where one should determine the amplitude
and phase of RO signal. This area usually is disposed in a space between the real and the

virtual focuses indicated in Fig. 3.1.1 by letters R and v, respectively. Determination of the
field in a single-ray area is one of the main tasks of the back-propagation method.

< — —To GPS Y
—
—= = %A
% R L 1 R
E(p) —
L
P R
() Z 0 L 2 Z

Fig. 3.1.1. Multi-path propagation of radio waves in the atmosphere.
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3.2. Radioholographic focused synthetic aperture method (RHFSA)

The radio-holographic methods were designed with aim to extend an applicable domain of
RO method and to increase its effectiveness, to exclude uncertainty in determing the
bending angle due to multi-path propagation, and to heighten vertical resolution and
accuracy in the retrieved atmospheric and ionospheric parameters [65, 69-81]. Below, the
radioholographic focused synthetic aperture method (RHFSA) will be considered. RHFSA
method uses the amplitude and phase of RO signal to obtain dependence of the bending

angle £(p) on the impact parameter p . It also uses appropriate information on the regular

structure of the atmosphere and ionosphere for constructing a reference signal. For
construction of reference signal, a model of the altitude dependence of the refractivity

Nm (h)is used [30, 31, 65, 69].
For consideration of RHFSA principle, let us introduce the angle y between directions of ray

and and orbital trajectory L, L, ; for simplicity, we will consider only the case of circular orbit

of the LEO and GPS satellites. The results of RO measurements are dependences of the
phase path (eikonal), Doppler frequency, and amplitude over time, having significant
variations due to atmospheric influence. Signal registered by LEO receiver is an envelope of
the high-frequency field, which may be presented in the form

E,(t)=A(t) exp [i k w(?) ], (3.2.1)

2
where k = e is the wave number, A(?) is the amplitude, i (¢)is the eikonal.

In each point of the LEO satellite orbit the field E (¢) is a sum of partial signals having the
amplitude 4 ., eikonal v, and arrival angle y ’” each of them corresponds to an individual

ray’s trajectory

E.(t) = zl A0 exp [ikw, (7,0 ], (32.2)

where 7 is the number of rays’ trajectories, connecting the points G and L, y, is the

eikonal for j —th ray, determined by relationships:

v,(p;))=Lp)+x(p,), Lip,)=d;+d,;+p; &(p;)
S(p;)=—dx(p;)/dp, (3.2.3)
4y =0 =Py =2 =p)”

where p; (), (p;), k(p;) are the impact parameter, bending angle, and main refractive
part of the phase path, corresponding to j —th ray, L(p;) is the length of geometric part of
the phase path, consisting of the two lengthd,;,d,; and the arc p,§(p,) . Main refractive
part k(p;) accounts for a change in the ray’s path due to influence of vertical gradient of

refractivity.
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The left side of the Egs. (3.2.1) and (3.2.2) should be equal, therefore an equation may be
obtained that establishes a relationship between measured parameters of RO signal 4(¢) and

w(#) and unknown values 4, (y,,7) andy/ (y,,¢) , thus characterizing the angular spectrum
of the field as

A explikp ()] = le A,(y,,tyexpliky, (7,.0) . (3.2.4)

Aim of ana;ysis of RO data is to find the arrival angles y, and the bending angles &, . For

solution of equation (3.2.4) it is necessary to apply a radio-holographic principle and to form
a reference signal having the amplitude equal to unity

E, (t)=exp[i ky, ()], (3.2.5)

wherey/, is the eikonal, corresponding to the altitude profile N, (%), y,, is evaluated for

real orbits of the satellites

L

J

w,(t) = [ [1+N, (h)-107° 1dl. (3.2.6)
G

The eikonal y, (f) may be determined after substitution in (3.2.3) dependences of the
impact parameters p (f) and the refractive angle & (¢#) on time, found by use of the
profile N, (h) and known values of the satellites velocities and coordinates. Integration in
(3.2.6) is fulfilled along the ray GL Y h is the altitude relative to the earth’s surface, d/ is an

element of the ray trajectory. The ratio of the registered and reference signals according to
(3.2.4) and (3.2.5) is equal to

E()=E, (NE, (1) =
A@) exp [ik (w0 -y, ()] = z Ay, 0expi k (w, (7.0 -, (0]

By multiplication of the right and left part of equation (3.2.7) on exp(—iwt) and after

(3.2.7)

integration over time in the interval —A7/2 <t < At/2, one can obtain spectrum of the
ratio of measured and reference signals:

. AL/2
Wwy=% [ A(y)explilk(y;(7,,0)~y, ) - t]}dt, (3.2.8)

7=l —At/2

where w=27f - is the spectral frequency. Let us assume that only one ray will

correspond to each frequency in the spectrum W(w) . Multi-path in most cases is
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originating owing to the influence of the layers structures in the lower atmosphere, so the
phase paths of rays in the middle and upper atmosphere are nearly coinciding. This allows
subtracting by use of a reference signal influence of the main part of the phase paths,
common for all rays, thus significantly compressing the spatial spectrum of radio waves.
The reference signal is essentially a matching heterodyne applied to measurements of
deflection of the impact parameter and bending angle of the main signal from
corresponding parameters of the reference signal, and for detecting the weak signals. This
method is analogous to the focused synthetic aperture technique in radio location, which is
applied for separation of the signals from targets and determining their coordinates by use
of matching filtration. As a result of compressing the spatial spectrum, one may observe
reflected from the earth surface weak signals, having distinction only in the Doppler
frequency as compared with the main intensive signal. Under optimal form of the reference
signal, one may observe in the spectrum W(w) a sharp peak that corresponds to the

compressed spectrum of the main signal and weak signals being notable because of the
Doppler shifts. Difference of the phase in the right part of (3.2.7) may be presented as the
Taylor series centered at £ =0, and containing in the interval —A¢/2 <t < At/2 only the
terms, linearly depending on time:

d
ko v —v0]=o.klv, 0.0 - v,0 1= 04 +4,, 629
where @, , ¢,, are the constants in the interval of integration As. If changes in the
amplitude A4,(y,) of partial rays are small then integration in equation (3.2.8) may be

fulfilled analytically with accounting for linear dependence on time of the eikonal
differences in (3.2.9). After integration one may obtain from (3.2.8)

W(@)=3 4, (7)) MF (0,0,), (3.2.10)

At (a)—a)j)} - Sin{m (@-o,)

F(w’a)-’):[ 2 2

} exp (i ¢;9), (3.2.11)

where @, is the frequency, corresponding to j-th partial ray. According to (3.2.11), the
function F(w,w;) forms in spectrum W (®) main maximum, and some weak maxima at
frequencies @, . Function F(®,®;) achieves a maximum at ®=®, and then quickly
diminishes when the absolute value of difference @ = @, increases. The width of maximum

on the one half power level which determines vertical resolution is nearly equal to2/ At .
When interval of integration is extended the resolution increases. Value At is bounded by an
assumption of small variations in the amplitude, initial phases and frequencies of partial
signals inside the integration interval. Therefore, if the maxima of partial signals in

spectrum W (w) do not overlap, the described technique gives a solution of problem of

detecting partial rays in the case of interfering influence of the main signal. The Doppler
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frequency @ may be recalculated to the arrival angles y observed at the time instant # =0 by
use of relationship

y=sin"' [ (@-,)(kv) " +siny, |, (3.2.12)

wherev =1 o 1; is the distance OLy, @, , 7, are the Doppler frequency and arrival angle,

corresponding to the reference signal. With accounting for the relationship between the
angular frequency and arrival angle (3.2.12), the absolute value of spectrum W (w)

describes an angular power distribution of radio waves, registered at the time instant 7 = 0.
The angular power distribution corresponds to 1-D distributions of radio brightness (or 1-D
radio image of vertical structure of the atmosphere) along the line TO, observed from the
side of LEO satellite :

Ay, (@) =| 7 () (A1) (3.2.13)

where 4,(y;) is the angular power spectrum of the wave field, the right part (3.2.13)

describes the frequency distribution of the received signal energy. On the basis of this
algorithm a radio-holographic method was elaborated and validated for obtaining radio
image of the atmosphere and signals, reflected from the earth’s surface [65, 71-74]. This
method may be applied to obtain vertical profiles of the atmospheric parameters from

measurements of dependence of the bending angle &(p) on the impact parameter p [70]. To
obtain this dependence it is necessary to measure the Doppler frequency @, of the maximum
in spectrum of the main atmospheric signal. From the Doppler shift @, one may determine a

value of the impact parameter p = p,, corresponding to the time instant =0, i.e. to the
middle of the integration interval [65,69,70]

_ W

= 3.2.14
27 ( )

do7"
P:pm_fo;t|:dt} ’ fo

where A is the wavelength in free space, p,, — is the impact parameter of the reference

signal. Then one may find the bending angle as a function of the impact parameter p

&(P) = S (ppy) +sin” (prg ) +sin” (pry ) =sin™ (pyrg) —sin” (pyry") . (3:2.15)

where & is the bending angle, corresponding to the altitude profile N, (/).

Equation (3.2.13) determines the energy of components in the angular spectrum, which are
coherent with the reference signal. Maximum of the angular spectrum corresponds to
location of the «main» ray and in accordance with equation (3.2.14) determines its impact
parameter p and bending angle £ . The width of angular spectrum on the half power level

characterizes the root mean square error in determining the bending angle and
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corresponding atmospheric parameters. After determining dependence £(p) a standard
Abel transformation method is used to find vertical profiles of the refractivity N and

temperature 7. Radio-holographic principle improve vertical resolution as compared with
the Doppler shift method. According to (3.2.11), the angular uncertainty Ay and

corresponding vertical resolution A% depend on the time of coherent analysis of RO signal
At . According to (3.2.10) and (3.2.14) one has

Ay=2Q2VvAt cosyy)' , A=Ap=1r2vA)". (3.2.16)

According to (3.2.16), the angular uncertainty Ay and corresponding vertical resolution A/

of the radio-holographic method are proportional to the wavelength A in distinction from
the Fresnel resolution, which is proportional to the square root of the wavelength 4 .

The form of spectra (3.2.10) and (3.2.13) gives a demonstration of conditions of radio waves
propagation through the atmosphere in a single-ray area. In a single-ray area the spectra
W(®) and A {(y) have one maximum; in a multi-path area they have several maxima or a

broad spectrum. The angular spectrum in RHFSA method may be interpreted as a «radio-
image» or a «distribution of radio brightness» in the atmosphere and ionosphere, observed

from the orbit of the satellite - receiver. The next features characterize spectra W (@) : at the

altitudes / = 40...15 km one sharp spectral line is observed. During immersion of ray in the
troposphere additional spectral components may appear. These components are caused by
reflection of radio waves from the earth’s surface and multi-path propagation. Radio-
holographic method has high vertical resolution A%, therefore, the altitude profiles of the

temperature 7'(%) and electron density N, (%) found by this method have more details.

Radio-holographic method was applied for determining the altitude profiles of the
refractivity and temperature [70]. The application of the radio-holographic approach to the
analysis of RO data, obtained by MICROLAB satellite, allows detection and observation of
reflections from earth’s surface and multi-path propagation in the troposphere [71-74].

It is difficult to derive the reference signal in the lower troposphere, which may compensate
the temporal change of the Doppler shifts for all partial rays. For application of the radio-
holographic method in this situation it is necessary to modernize it. This modernization may
be conducted on the basis of the Full Spectral Inversion (FSI) method proposed in [75] and
modernized in [76]. Temporal dependence of the eikonal corresponding to the reference
signal may not fully follow the changes of the eikonals relevant to the partial signals. As a
consequence a compensation of the contributions of different parts of the integration
interval in the spectrum takes place, and the stationary phase points are more important for

evaluating the spectrum W (@) in (3.2.8). Stationary phase point is determined by equation:

=k & ,(7,:0-w, 0] (6:217)

Equation (3.2.17) gives in an implicit form the time instant #(®) as a function of the Doppler

shift @ . It is supposed that dependence #(w) is single-valued, i.e. each value of the
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frequency @ may appear at one instant of time in the integration interval A¢. In the case of
multi-path situation, the inverse function () may be multivalued since at one instant of

time several rays intersect at different angles an orbit of the satellite L in a given point. For
each stationary point in the integration interval a set of Egs. can be obtained from (3.2.8):

W(w)=B(7;,t) exp [i® («(@)) ], PH(@)) =k [y (7,,0) =y, (7,,0)—wt (3218)

B.(y,,)=A,(y,,t) @) S(t)=(2m)" {_k:jtz ['/%f)—wm(m,f)]} /

where B (y,,1), @ ({(®) ) are the amplitude and phase of the spectrum components W ()

corresponding to the stationary point, S(¢)is a factor accounting for contribution of the

stationary phase point. Because the function #(®) is single-valued in the interval Az, the

sum (3.2.8) gives only one term corresponding to a partial ray, intersecting the satellite
trajectory and having in a given instant of time ¢ the Doppler shift @ . The time instant# may

be estimated from the derivative of the phase of spectrum ®(¢ (@) ) with respect to
frequency @

do (t (w)) _
do B

di(w)
do

{k j’t (7, ,.0)-y,®)- a)} t=—t. (3.2.19)

The square bracket on the right-hand side of (3.2.19) is equal to zero because of fulfilling the
equation (3.2.17) in a stationary phase point. One may determine by use of (3.2.14) the

impact parameter p , corresponding to the time instant ¢ = -d®(#(w))/dw . Then the
bending angle £(p) may be found from relationship (3.2.15) as a function of the impact

parameter p . Vertical resolution is determined in this case by the difference of the second

derivatives of the phases of the reference and registered signals with respect to time. If the
second derivatives coincide, then vertical resolution is near the maximal value as
determined from relationship (3.2.16).

In papers [76, 77], a spectral phase matching method (SPMM) has been proposed to
determine directly dependence of the bending angle on the impact parameter. The SPMM
technique is an important case of the radio-holographic method. The SPMM technique may
be applied for general case of non-circular orbits transmitting and receiving satellites. The
SPMM technique uses a special form of the reference signal:

E,(ty=exp [i k L,(1)], (3.2.20)

where L is the eikonal value, corresponding to the geometric part of the phase path under

fixed value of the impact parameter p,

Li(p) = R} =p,’ +Rg* = pi’ + poé(py).- (3.221)
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The bending angle £(p,) in (3.2.21) may be determined on known values of the central

R,

angle 6 and parameters Rg,

E(py) = O—cos™ (p, /Rl)—cos_l(pO /Rg). (3.2.22)

Parameters Rg, R;, 6 in (3.2.21), (3.2.22) depend on time. Derivative of L (p,) with

respect to fixed parameter p, , may be found from Egs. (3.2.21), (3.2.22)

dL,(p,)/ dp, = &(p,) (3.2.23)

because @ in (3.2.22) does not depend on p,. The impact parameter p,, in the general case,
does not coincide with the impact parameter p corresponding to ray GTL. The next
relationships are fulfilled for ray GTL

w(p)=L(p) +x(p). L(p)= R’ =p* + R — p* + p&(p).

(3.2.24)
&(p)= @—cos ' (p/R)~cos  (p/R,), &(p)=—~dx(p)/dp

where x(p) is the main refractive part of the phase path. The Doppler frequencies

f(p), f,(p,) corresponding to the ray GTL and reference signal, may be determined from
the relationships [65,76]

f(p)=dy/dt=

R'JR?—p*dR /dt +R R~ p*dR, | dt+pd6/dt
folpy)=dL, /dt =

R7'R?—p, dR,/dt +R, "R’ —p, dR,/dt+ p,d6/dt

(3.2.25)

Ratio of the registered and reference signals may be presented in the form:
E(t)= A(t) exp[i k(w()—L,(1))]. (3.2.26)

Integration of (3.2.26) on time in the interval AT of RO measurements 0<¢<AT
AT .
W(p,) = [ A(t) exp [z k CD(t)] dt, D)=y ({t)—L,(¢?) (3.2.27)
0

gives the spectrum W (p,) depending on the impact parameter p, . Let us assume that for the

time of integration AT each partial signal has own value of the impact parameter p » which
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does not coincide with the impact parameters of other signals. Then only one ray relates to
each value p,in a spectrum W (p,). Value p,corresponding to a stationary point #(p,) of

the integral (3.2.27) introduces the main contributions in spectrum W (p,). It is supposed

that the function #(p,) is single-valued. The stationary phase point equation is
dly(t)—L,(¢)]/dt=0. (3.2.28)
Equation (3.2.28) determines the time instant #(p,) in an implicit form corresponding to a

stationary phase point. By use of relationship (3.2.25), equation (3.2.28) may be written in the
form:

{—=(p+ po)[Rlilde /dl‘(\/Rl2 - p2 + \/Rl2 - p02 )71

; S i _ (3.2.29)
+R,dR, /dt(R - p* + R = p)) ' 1+d0/dt}(p— p,) =0

It follows from Egs. (3.2.28) and (3.2.29), that value pis equal to p,in the stationary phase
point:
P=D, (3.2.30)

According to (3.2.30) value p, is the impact parameter at the time instant? .

Spectrum W ( p, ) in the stationary phase point of the integral (3.2.27) has the form:

W(p,) =2izk™ A(p,) ! (d*®/ di*)"* explik®(p, )]

(3.2.31)
@(p,)=w(p,)—L,(py)

Derivative of the phase of spectrum W (p,) with respect to parameter p, gives the bending

angle

d®(p,)/ dp, ={dly(p,)— L,(p,)]/ dt}dt / dp, —L,(p,)/ op, =—=&(p,) =—=$(p) . (3.232)

Relationship (3.2.32) follows from equation (3.2.29) for the stationary phase point of integral
(3.2.27). Therefore, the phase matching method allows finding dependence of the bending

angle on the impact parameter by use of differentiation of the phase of spectrum W ( p, ) with

respect to parameter p, .
A feature of the phase matching method is possibility to determine the total absorption of
radio waves from measured spectrum W (p,) [77]. According to [53] the power of RO signal

is proportional to the refractive attenuation X(p), which may be found from relationship:

-1
00
X(p)=pR,| p,\R - p* R’ - p’ } , (3.2.33)

op
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where R, is the distance GL, p, is the impact parameter corresponding to the line of sight
GL. From the other side, value (29 may be determined from a ratio [22]:
P

99 _ Blo)dp dry”,
op

B(t)=d6/dt - p(R\R> - p*)"dR, I dt —p(R,\[R’—p*)"dR, /dt

Contribution of the stationary point depends on the second derivative of the phase of the

(3.2.34)

function ®@(¢) with respect to time in the integral (3.2.27). With accounting for (3.2.29) one
may find:
d’®/dt’ = B(t)dp / dt (3.2.35)

By use of relationships (3.2.33)-(3.2.35) one may find the ratio 4(p,)/(d’®/dt*)"* in
equation (3.2.31):

A(p,) I (d*® 1 dt*)? = A)(X | d>*D | di*)"?

_ -1 1/2 2 2 2 2N-l2 (3.2.36)
= A[BOT ' (PR))"* (PR, —p* R} = p )" = const

where 4,, p, is the radio wave amplitude and the impact parameter in the free space,

respectively. dependence of ratio A(p,)/(d’® / dt*)"* on the impact parameter p is weak in

RO experiments. Therefore the refractive attenuation is practically excluded from spectrum
W(p,) . The phase matching method may be used for measurements of the total absorption
of radio waves [76, 77].

3.3. GIO, CT and BP methods

Application of the integral operators to analysis of RO data results from a necessity to remove
influence of multi-path distortion on the RO inversion. In some cases this can be achieved by
using the special radio-holographic methods. In this section an application of the Fourier
Integral Operators (FIO) based on the Zverevs’ integral transformations [68] is considered for
analysis of RO data. This consideration will be provided by use of results obtained in [74]
for a geometrical scheme shown in Fig. 3.3.1. Let us introduce the rectangular coordinate
system ZOY with center at point O, which coincides with the center of spherical symmetry
of the atmosphere. A LEO satellite and emitting satellite are located at point P and G,
respectively. Axis OZ coincides with direction GO. Orbital trajectory of LEO satellite is
indicated by curve PP'. Trajectory of radio waves is shown by curve GTP, where T is the
radio ray perigee. Radio waves can propagate in different directions along rays which may
intersect at given point P in the case of multi-path situation . Multi-path effect makes
difficult application of the geometrical optics method to determine dependence of the field
phase on the impact parameter and introduces distortions to the retrieved altitude
dependence of the bending angle.
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Fig. 3.3.1. Geometrical parameters for GIO, RFSA, CT and BP methods.

For description of the electromagnetic field near the ray trajectory P'P we apply the Zverev
transform [68], which connects the field E(y,z) and its angular spectrum in a homogeneous

part of medium (in free space):

E(y,z) =[du A(u)exp{ik[®(u,y,z)- D, (u)]}, (3.3.1)
O(u,y,z)=zv1-u’ +yu , (3.3.2)
u=sina, J1-u* =cosa , (3.3.3)

where @ (u, y,z), P, (u) are the phase function and initial phase of the j-th physical ray, u is

the projection of the unit wave vector of a plane wave on the direction OY, « is the angle
between the direction of plane wave propagation and axis OZ.
With aim to remove influence of multi-path propagation on the retrieved dependence of the

bending angle on the impact parameter let us transform the field E£(y,z) from coordinate

» to coordinate p . By using the transformed field E(p, z) , one can obtain the single-valued

dependence of the bending angle on the impact parameter. To connect the Zverev’s
transform with the LEO trajectory let us introduce the new co-ordinate system y/ z’with the
centre at point P and oriented at the angle y relative to the co-ordinate system y, z (Fig.

3.3.1). The coordinate y’is reckoned from point P along the tangent to orbital trajectory of
LEO satellite:

y=yp+y'cosy+z'siny; z=z,+z'cosy—y'siny, (3.3.4)

where y .z are the co-ordinates of point P (Fig. 3.4) in co-ordinate system ZOY (Fig. 3.3.1).

We introduce a General Inversion Operator (GIO) transform [74] as a Fourier Integral
Operator (FIO) I(p):

E(p)=1(p)E(y,z) = [dnB(n)exp{ix[ pf (m)—d(m)]}1,(n), (3.3.5)

100 = - [dsexp(iks EL(5), 20, (33.6)
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where /,(77) is the internal Fourier-operator, B(77) is the amplitude function, f(77), d(n7)
are the auxiliary functions, pis the parameter, having different physical interpretation

depending on the form of f(77), s is the path of integration along the orbital trajectory of the

LEO satellite. Below we assume that a LEO orbital trajectory during RO measurements can
be approximated by a straight line and the integration on s can be changed by integration on

the variable y'in the operator /,(77) (3.3.6). Practically this assumption is not significant

because during the time interval of RO measurements the orbital trajectory of LEO satellite
can be considered as nearly coinciding with a segment of a straight line. GIO transform can
be considered as a generalization of the FIO’s introduced in [78, 79]. After substitution
(3.3.1), (3.3.4), into (3.3.6) one can obtain letting z'=0:

I,(n)= 2l;jdy'exp(—ik77y "] du A(u)expiik[y'sin(a—y)+z,cosa+y,sina - (u)]} (3.3.7)

After changing of integration order on y'and u in (3.3.7) the next equation is followed:

JTn—sin(er— )] = 2 [dy"expiby inex - ) -1}, 339
I,(n) = [ du A(u)o[n —sin(a — y)]exp {ik[z V1- u’ + y,u—0;w)]}, (3.3.9)

where 017 —sin(a — y)] is the delta-function. Substitution of (3.3.9) into (3.3.5) gives after

integration on 77 the next result:

E(p) = [du A(u)B(n)exp{ik| pf (1) —d(n)+z,cosa+y,sina - (u)]}

. (3.3.10)
1 =sin(a —y)

The left part of (3.3.10) is the field E( p) transformed by the operator /(p) from RO signal.
Function d(77) in (3.3.10) is arbitrary, and one can chose d (77) to simplify the GIO transform:

d(n)=(z,—z,)cos(y +sin”" n)+y, sin(y +sin"' ), (3.3.11)

where zis a parameter which determines the location of a straight line where the field
should be retrieved. If the origin of the co-ordinate system y; z”is disposed at the OZ axis
and y=0,y,=0 then the function d(7) is equal to d(17)=(z, —z,)(1-7r")"* and

coincides with the phase of the transfer function for free space introduced earlier [68].
Substitution of (3.3.11) into (3.3.10) gives

E(p,zy) = [dud(u)B(n)explix[ pf (7)+z,cosa - D@ (w)]}, a = sin"u . (3.3.12)



40 Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere

The relationship (3.3.12) describes the result of transformation of the field E(y, z) by the GIO

operator /(p) . Below we will consider two important results: the first corresponds to the

case of back-propagation (BP) method, the second is relevant to the canonical
transformation (CT). The BP case can be obtained from (3.3.5) and (3.3.12) by choosing B(77)

and f(77) in the form

f(n)=sin(y +sin"' ), B(n)=1. (3.3.13)

After substitution of (3.3.13) into (3.3.12) one can obtain
E(p,z,) = [dud(u)exp{ix{pu +z,J1-u* =@, (w)]} . (3.3.14)

In this case the right part in (3.3.14) describes the field distribution along the straight line
z=2z, and coincides with (3.3.1). As a consequence, p has a geometrical sense of
coordinate y (Fig. 3.3.1). The Fourier Integral Operator (3.3.5), (3.3.6) restores the field

along the straight line z =z, by use of transformation of the field measured along the

tangent PY' to orbital trajectory at point P. It is assumed that the straight line z =z, is

located in an area of one ray propagation. Dependence of the bending angle on the impact
parameter may be found by using the stationary phase principle. By utilizing this principle
the field E(p,z,) can be presented in the form

E(y,zy) = f_zrmA(us)cos ag explik® (y,a,)], u, =sina, , (3.3.15)
ro=2z, cosa+ysina+d2®j/da2, a=a,, (3.3.16)

where r, is the curvature radius of the wave front at the point with coordinates y,z,, &, is

connected with coordinates y,z, by the stationary phase equation
y=1{z, iga+[dP (sina)/da]/cosa} (a =a,). (3.3.17)

The function @ (y,a,) is the phase of the field E(p,z,) and may be estimated from
relationship

O (y,a,)=z,c0805 +ysina, —®,(sine,) . (3.3.18)

Differentiation of the phase @ (y,«,) (3.3.18) with respect to the coordinate y gives a next
relationship between the angle &, and y in the stationary phase point of the integral (3.3.14)
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a, =sin"'[dD (y,a,)/dy]. (3.3.19)

The angle &, determines a slope of RO ray relative to the OZ axis in the point with

coordinates y,z, . From known values of the angle & and coordinates y,z, the impact
parameter p may be estimated as

p=ycosa, —z,sina, (3.3.20)

and then the bending angle £(p) may be found if the radius of circular orbit of transmitting

GPS satellite Yy is known

E(p) =sin” (p/r,)—a,(p). (3.3.21)

When the multi-path effect is absent along the straight line z = z,, vertical resolution is

increasing because the distance of the point z =z, from the ray perigee T is essentially

smaller than PT (Fig. 3.3.1). Therefore the GIO corresponding to the back-propagation
method (3.3.5), (3.3.6) has a special form

E(y,2,) =1,(»)E(y,2) =[dnexplix{(y - y,)sin(y +sin"' 17)

(3.3.22)
+(z, =z, ) cos(y +sin”' )]}, (17)

I,(n)= ;; [ ds exp(—ikns)E[y(s),z(s)]. (3.3.23)

The integration limits on the variable s are bounded by the length of orbit segment PP’
which corresponds to the interval of measurements of the RO amplitude and phase. The
limits of integration on the variable 77 are bounded by an inequality -1 <7 <1.

Let us compare Egs. (3.3.22), (3.3.23) with known back-propagation equation [80]

E(y,z,) = \/Zj ds D™ cospexp(ir / 4—ikD)E(s), (3.3.24)

where D is the distance between the current integration point s on an orbital trajectory of
LEO satellite and observation point having coordinates y,z,; @ is the angle between

normal to the curve P'P in point s and direction to the observation point. Note the
distinction between the formulas (3.3.22), (3.3.23) and (3.3.24) for BP field. This is connected
with difference in the type of own functions used for derivations (3.3.22), (3.3.23) and
(3.3.24) (plane and spherical waves in free space, respectively). The formula (3.3.24) is valid
for any curve in free space, Eqgs. (3.3.22), (3.3.23) describe the field distribution along the
straight lines. Both formulas restore the field along the straight rays intersecting the orbital
trajectory. Inside the medium the restored field may not coincide with real field because the
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used Green functions are corresponding to free space. Coincidence with the real fields can
take place only on the orbital trajectory of LEO satellite [78, 79, 93]. However the directions
of the tangents to the rays and values of the bending angles coincide for the real and
restored fields.

In the second important partial case of the GIO transform the functions f(77) and d(77) can
be chosen in the form

f(n)=y+sin™ n, d(n) =z, cos(y +sin" i)+ y, sin(y +sin"' 77), (3.3.25)

In this case the GIO transform may be described by Egs.

E(p,y)=1,()E(y,z) =[dnB(n)explix{ p(y +sin”' n) - z, cos(y + sin”' 77)

. . (3.3.26)
—y, sin(y +sin” )] 31, (17)

where [, (17) is determined by relation (3.3.23). Relationship (3.3.26) may be rewritten in the

form

E(p,y)=1.(»)E(y,z) =

_ o (3.3.27)
exp(ikpy)] dnB(n)explix(psin™ n—z, \1-n* =y, n) 11,(1)
Yy =Yy,c08y—z,siny=0;z =z cosy+y, siny=r,, (3.3.28)

where y, , z, are the coordinates of the point P in the coordinate system rotated by the

124
angle y relative to the ZOY system and with the center at point O, r,, is the distance OP. For
the case y, =0, y=0, B(n)=(1-7r?)"* the formula (3.3.27) coincides with the CT

transformation found earlier [81]. The CT method [81] utilizes the next assumptions: (1) the
orbital segment where the field is measured is perpendicular to the direction GO, (2) the
point P is located on the straight line GO, and (3) the angle y is equal to zero. In real

conditions the RO orbit is significantly inclined relative to the straight line GOand y = 0 . In

the case of inclined orbits the BP method has been used for estimation of the field on the
segment of straight line perpendicular to the direction GO [78, 79]. The GIO transform
(3.3.10), (3.3.26)-(3.3.28) is valid for general case of the inclined orbits. The GIO transform is

not limited by the canonical transform requirements and the function B(77) may be chosen

to simplify Egs. (3.3.26), (3.3.27), for example, B(17) =1. One can find from relationships
(3.3.10), (3.3.26) and (3.3.27)

E(p,y)=1.(»)E(y,z) = [dud(u)B(n)explix[ pa — D ; (u)]}, (3-3.29)

wheren =sin(a —y), a=sin"u.
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For this case the stationary phase (SP) method applied to (3.3.26), (3.3.27) gives the next
connection between the angle @ and parameter p

_ d®,(sina)

3.3.30
T (3.3.30)

In a homogeneous part of medium the function @, (1) may be determined by use of (3.3.30)
O, (u)=y;sina+z,cosa . (3.3.31)

For this case the stationary phase method applied to (3.3.26), (3.3.27) gives a connection
between o and p

p=-z;sina+y,cosa. (3.3.32)

Equation (3.3.32) defines p as the distance between the j-th ray and the centre of the co-

ordinate system - point O (Fig. 3.3.1). If the centre of global spherical symmetry of the
medium coincides with point O, p is the impact parameter of the j-th ray. For the evaluation

of the GIO transforms in two considered partial cases it is not necessary to find the angular
spectrum A(u) . The SP method gives the next formula for the transformed field

E(p,y)=E,(p,a)explik®, (p,a)], ®,(p,a)=pa—z,cosa—y sina. (3.3.33)

where E (p,a) is the coefficient describing contribution of the stationary point

corresponding to the j-th physical ray. The ray direction angle  can be determined from
(3.3.33) by differentiating the phase of the field E(p,y):

do, (p,a)/dp=a(p). (3.3.34)

Then the bending angle &(p) can be found from a(p) (3.3.34) by using equation (3.3.21) if

the distance rg is known. This is only possible if the orbit of the satellite G is circular, i.e.
r, = const . In the case of elliptical orbit one may apply the RHFSA method or the phase

matching method considered in section 3.2 to find dependence of &£(p) . When the modified

n(r)r

refraction index M (r) = , where a is the earth’s radius, is a monotonic function, only

one physical ray can correspond to the impact parameter p . A possibility of the multi-path
effect corresponding to monotonic M (r) profiles has been shown earlier in [69]. In this case

the GIO can disentangle the multi-path rays expressing the ray direction angle a(p) as a

single-valued function of the impact parameter p .
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3.4. Combined amplitude-phase method

A relationship between the eikonal acceleration, Doppler shift, phase, and intensity
variations of RO signals has been revealed from theoretical considerations and experimental
analysis of RO radio-holograms [55, 82, 83]. The introduced eikonal acceleration technique
seems to be simpler as compared with the thin phase screen model and radio-holographic
back-propagation method [84, 85] proposed for location of plasma structures in the
ionosphere. This technique may be applied also to estimate the total atmospheric
absorption. The absorption measurements are planned for future RO missions [87] to
determine water vapor abundance in the stratosphere and troposphere. A differential
Canonical Transform/Full Spectrum Inversion (CT/FSI) technique was proposed to retrieve
absorption in X/K band, 9-22 GHz [88]. The total absorption effect in the trans-atmospheric
telecommunication link orbital station MIR - geostationary satellites was measured at
frequency 930 MHz [30, 31]. In these experiments the refractive attenuation has been
excluded by use of the phase and Doppler frequency data. A possibility to measure
absorption in the atmosphere in X/K band by use of a spectral phase matching method
(SPMM) and Fourier Integral Operators (FIO) has been detected in [76, 77]. In these works
the second derivative of the phase on time was used for excluding the refractive attenuation
from an amplitude function of the SPMM and FIO spectra. The eikonal acceleration
technique can be directly applied to estimation of the total absorption in the atmosphere
from analysis of RO data. There is a significant relationship between the phase path excess

@(¢) and amplitude A(?) of radio-holograms considered as functions of time at two GPS

frequencies f, and f, . This relationship is described for the case of local spherical symmetry
by Egs. found formerly in [22, 53, 55, 65, 89-91]:

®(p)=L(p)+x(p)-R,, (3.4.1)

X(p)=pRlp,dd, |06/ p1", (3.4.2)

00/0p=d&dp—(1/d +1/d,), (3.43)

L(p)=(R’-pH)"? +(R>—p)? + p&(p).Ry =(R* - p )+ (R’ - p*)"? (344
dy = (R? = p)'™, dy = (R - )" 345)

where x(p) is the main refractivity part of the phase path excess, §( p) =—dx(p)/dp is
the refractive angle, 6(p) is the central angle, p, p, are the impact parameter of the ray

trajectory GTL, and the line of sight GDL, respectively, R,,R,,R, are the distances GL, OG,
and OL, correspondingly, L( p) is the distance GABL, and d,,d, are two short lengths: GA

and BL (Fig. 3.4.1). The refractive angle &(p) is connected with the central angle 8(p) (Fig.
3.4.1):
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G

N0
Fig.3.4.1. Ray path configuration in a spherically symmetric media during the RO
experiment. Vertical gradient of the refractivity is perpendicular to the radio ray GTL in the
tangent point T. In the case of the spherical symmetric atmosphere the tangent point T
coincides with the radio ray perigee. The center of spherical symmetry O and the tangent
point T can be displaced owing to the horizontal gradients in the atmosphere to point O’
and T, respectively.

O=rn+&(p)—sin”' (p/R)-sin"' (p/R,), O=rx—sin"' (p, /R )-sin"' (p,/R,), (3:4.6)
E(p)=sin'(p/R)+sin"' (p/R,)-sin"' (p,/R)—sin" (p, /R,). (3.4.7)

Two different expressions (3.4.6) for the central angle 8(p) can be used to obtain relation
between the impact parameters p and p, and the refractive angle £(p). From Egs. (3.4.1)
and (3.4.6), one can obtain by differentiation of the phase excess @(p) and the central angle
O(p) over time the relationship connecting the Doppler frequency of RO signal with the

impact parameters p and p:

d®(p)/dt=(p-p)d0/di+(d,—d, )R dR, /dt+(d,—d, )R, "dR, | dt, (34.8)
dO/dt=0010p, dp,/dt—p[(dR)" dR, /dt+(dyR,) " dR,/dt]

2 2\1/2 2 2\1/2 (3'4'9)
dls :(Rl _ps ) ’dZS :(RZ _ps )

whered, , d,, are the distances GD and DL, correspondingly, (Fig. 3.4.1). After substitution

Is~”

of the equation (3.4.9) in equation (3.4.8) one can obtain:
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do(p)/dt=(p-p){(/d,+1/dy)dp, /dt—(p*-p)
{Rlde /dt[dlv (dls + dl )(pdlv + psdl )]71 (3410)
+R,dR, / did, (d,, +d,)(pd,, + p.d,)]"'}}

Egs. (3.4.6) - (3.4.10) are valid for the general case of the non-circular orbits of the GPS and
LEO satellites. Equation (3.4.10) can be simplified under condition:

‘(p2 _psz){Rlde /dild,(d+d ) pd,+pd, )]71 +R,dR, / di[d, (d,, +d,)(pd,, + p,d, )]71}‘
<< |l /d, +1/d,)dp, /dt,

(3.4.11)
which is valid when ‘( p—Dp,)dR,/ dt‘ <<|p,dp, /dt. This inequality is valid for all RO

situations. Under the indicated approximation one can obtain from equation (3.4.10) a

formula for estimation of the difference p — p, from the Doppler shift F, = d®(p)/dt
d®(p)/dt=F,=—(p—p,)1/d, +1/d,)dp, /dt (3.4.12)

The values p,, dp, /dt,d, , d,, can be derived from orbital data, and the phase delays
o, ( p) are the objects of measurements and are given in the phase parts of radio-
holograms at frequencies f, and f, . Therefore, one may obtain (after the ionospheric
correction) dependence of the refractive angle &(p) on the impact parameter pand then
use the Abel inversion to retrieve vertical profiles of the refractivity N(%), pressure P(h),

temperature 7'(4), humidity e(/), and electron density in the ionosphere N, (h) [16, 52].

A new relationship connects the eikonal acceleration and refractive attenuation of radio
waves. Under conditions

<< p,, (3.4.13)
(dp/dt—dp, /dt)o8/dp, | (3.4.14)

[p=p,
(p=p,)d(©@0/dp,)! di] <<

by use of equation dp/dt—dp, /dt~[X(t)—1]dp, /dt [22,5583], one can obtain from
(3.4.12):

d(Af)  d*O
1-X(t)=ma, =m =m , 3.4.15
« ® dt dr? ( )
m=q/(dp,/dt)’, (3.4.16)
q=dyd, /| (d+d,), d +d, =R,. (3.4.17)

Equation (3.4.15) indicates equivalence between variations of the phase path excess (eikonal)
2

acceleration a, = d—zand refractive attenuation X (), which may be verified by the RO
t
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data. Usually during RO experiments parameters m and dp, /dt are known from the
orbital data because of location of the spherical symmetry centre O and its projection on the
line of sight - point D are known (Fig. 3.4.1). Therefore, equation (3.4.15) gives a possibility
to recalculate the eikonal acceleration a, to the refractive attenuation X, . This is useful for
excluding systematic errors from the phase and/or amplitude data. This is also useful for
estimating the total absorption in the atmosphere. The refractive attenuation X, is
determined from the amplitude data as a ratio of the intensity of radio signal propagating
through the atmosphere /  (¢) to its intensity in free space /  :

X, (0)=1,(2)/1,. (3.4.18)

Thus, the experimental value X, is the sum of the refractive and absorption contributions.

However, the eikonal acceleration depends on the refraction effect only. This gives a
possibility to determine the absorption in the atmosphere Y (¢) as a ratio:

X,

Y()=+ (3.4.19)

—may,
This possibility should be investigated in detail because in the future satellite RO missions
measurement of the absorption effects due to water vapor and minor atmospheric gas
constituents is planned and the difficulties consist in removing the refractive attenuation
effect from the amplitude data. Equation (3.4.19) indicates a feasible way to solve this
problem. Also Eq. (3.4.19) may be useful for estimating conditions for communication in the
Ku/K bands between two LEO satellites in a radio occultation geometry [86]. At the GPS
frequencies, the total absorption effect in RO experiments caused mainly by the atmospheric
oxygen is about 1-3 dB in the lower troposphere and is small in the upper troposphere and
stratosphere.

The horizontal gradients in the ionosphere and atmosphere can displace the tangent point T
and centre of spherical symmetry O from its standard positions to points T' and O,
respectively (Fig. 3.4.1). As a consequence, value of distance T'L (approximately equal to LD’

(Fig. 3.4.1)) will change tod,, , and parameter m will also change its magnitude. However,

Egs. (3.4.15)-(3.4.17) are valid in the case of local spherical symmetry with new centre O'.
Therefore, if the magnitude of parameter m could be estimated from experimental data, then

it is possible to find new value of the distance T'L= d'zs , and to determine location of new

tangent point T’ relative to point T (or L). Parameter dp, / dt can be found from trajectory

data, which describes motions of the GPS and LEO satellites relative to the center of
spherical symmetry - point O (Figure 3.4.1):

dp,/dt=v+(w-v)d, /R, (3.4.20)

where W,V are the velocity components of the GPS and LEO satellites, respectively. These
velocity components are perpendicular to the straight line GL in the plane GOL. The
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components v and w are positive when oriented in the direction towards the point O and are
negative in the opposite case. Egs. (3.4.15)-(3.4.17), (3.4.20) give a way to find the distance

LT d,, from simultaneous observation of the phase and intensity variations:

dy, "= 2mv* [1+ 2mvR;" (v—w) + (1— 4mvwR;" )T (3.4.21)

Therefore, if the magnitude of parameter m is estimated from experimental data, it is

possible to find new value of distance T'L=d,, and thus determine location of new tangent

point T” relative to the point T (or L).

For determination of the parameter m from experimental data, we can assume that value m
is a slowly changing function of time. If noise is very small, averaging is not necessary and
parameter m can be determined directly from equation (3.4.15) as a ratio:

_1-X(1)

a

(3.4.22)

[}

In the presence of noise, value m(?,) corresponding to some instant of time f#, can be

determined from RO data as a ratio of the average of squared refractive attenuation and
eikonal acceleration variations:

iMl X[
m(t,) = == , (3.4.23)
) o))

where 2M+1 is the number of samples for averaging, X (¢,), a,(t) are the current values of
the refractive attenuation and eikonal acceleration variations at the time instant ¢, .

Parameter m can be determined also from a correlation relationship:

S [I—X(l‘[)]a@(l‘[)
m(t, ) == : (3.4.24)

Relationship (3.4.24) describes parameter m as a correlation coefficient between the
refractive attenuation X (¢,) and eikonal acceleration a,(?,) .

When parameter m is known with sufficient accuracy one can estimate the distance d
between the tangent points T and T’ (Fig. 3.4.1) by use of Egs. (3.4.16) and (3.4.17).

d ~ dZS’ _d2S = dZS, _( _pq )1/2 (34:25)
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With influence from turbulence, multi-path and instabilities of the transmitter and receiver
become important Egs. (3.4.22) - (3.4.25) give three different values of the parameter m and
distance d . Note that one should account for the velocity of the point O’ in relation to
(3.4.16) and (3.4.17). However in the case of the earth’s atmosphere and ionosphere, the
velocity of motion of layers, and consequently, the velocity of point O’ are small as
compared to the orbital velocities of the GPS and LEO satellites and its contribution may be
neglected.

Below, examples of application of suggested method are given by analysis of the
FORMOSAT3 RO events. An example of determination of the displacement d is
demonstrated in Fig. 3.4.2. The data shown in Fig. 3.4.2 correspond to the FORMOSAT-3 RO
event 0106, April 23, 2006, 04 h 11 m LT, with geographical coordinates 11.1 N 310.7 W.
Curves 1 and 2 in Fig. 3.4.2, left panel, demonstrate significant correspondence between the
refractive attenuations X, and X, , which are evaluated from the eikonal acceleration and
amplitude data (Egs. (3.4.23) and (3.4.24), respectively) at the first GPS frequency f;. This
correspondence allows one to determine the horizontal displacement d of the tangent point
T. The results of the evaluation of the displacement d by use of Egs. (3.4.21), (3.4.23) and

(3.4.24) are shown in Fig. 3.4.2, right panel. Curves 1 and 2 correspond to values d found by
the relationships (3.4.21), (3.4.23); and (3.4.21), (3.4.24), respectively. According to Fig. 3.4.2
(right panel) the displacement d estimated from Eqs. (3.4.23) and (3.4.24) is bounded
between £ 25 km

FORMOSATS3 0106
S 150 -] 2006 04 23
5 00h53m38s UT
¥ % Zz " Je4h1imors LT
£ = = sp{l1L1N 310.7W
E ~
g = 0
£ FORMOSAT3 0106 £ ~~07]
Tz 2006 04 23 Z 100
& 3 00h33m38s UT = 1
&2 = — 150
Z 04h11mols LT 1
e 1L1N 310.7TW — 200
. S o e e TR A T T G R
20 25 30 35 40 10 15 20 25 30 35 40
height [km] height [km]

Fig. 3.4.2. Comparison of the refractive attenuations X, and X, calculated from the phase
(curve 1) and amplitude (curve 2) data (left). Displacement d of the tangent point
calculated by use of Egs. (15) and (16) (curve 1 and 2, respectively) (right).

in the 10 km - 16 km altitude interval and between £ 50 km in the 16 km - 35 km height
interval. This experimental result open possibility to apply suggested method for location of
layered structures in the atmosphere.
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3.5. Concluding remarks

This section has considered the radio-holographic methods in different areas of application.
The RHFSA method is optimal for compression of the angular spectrum of RO signals with
aim to visualize weak reflections from the earth’s surface, to detect multi-path propagation,
and obtain 1-D images of the atmosphere and/or ionosphere. To achieve this aim the
RHFSA method may be applied under minimal limitations as compared to other methods.
The RHFSA method may be applied for analysis of RO data in the cases of the multi-path
propagation, horizontal gradients, multi-valued connection between the bending angle and
the impact parameter, existence of turbulence. However the technical difficulties exist for
application of the RHFSA method when finding dependence of the bending angle on the
impact parameter because an atmospheric model in the region of the RO sounding is
required for constructing the reference signal . Model of the reference signal may be
elaborated, in principle, for different cases of the single-ray and multi-path propagation,
including waveguide propagation, and in presence of the horizontal gradients and caustics.
Therefore the method is the most general tool for revealing layered structures and
determination of vertical profiles of physical parameters in the atmosphere and ionosphere.
A necessity of solution of direct problem for elaborating of the reference signals by use of
given atmospheric model is a shortcoming of the RHFSA method. In the lower layers of the
atmosphere, it is necessary to find appropriate values of model parameters for the most
effective compression of the spatial spectrum. This introduces difficulties in the RO data
analysis especially in conditions of multi-path propagation. Advantages of the RHFSA
method were demonstrated during measurements of the characteristics of the signals
reflected from the earth surface [71-74], and, also, during analysis of the multi-path
propagation in the lower layers of the atmosphere [65, 71, 74].

The phase matching method [75-77] successfully uses the analytical form of the geometrical
part of the phase path for elaborating the reference signal. This analytical form is common to
all atmospheric spherical-symmetric layered structures and it allows one to obtain directly
by the differentiation of the phase of the transformed radio-hologram dependence of the
bending angle on the impact parameter. The phase matching method and RHFSA method
are applicable in general case of elliptical orbits. The integration is provided in these
methods along the actual orbital trajectory of the satellite. This excludes the need to
recalculate the field to the straight lines which would otherwise be necessary when applicate
GIO and CT methods based on the Fourier Integral Operators (FIO). Phase matching
method is functioning under condition of the spherical symmetry of the atmosphere, and
single-valued connection between the impact parameter and the bending angle. Important
advantage of the phase matching method consists in automatic excluding of the refractive
attenuation of radio waves from spectrum of the RO radio-hologram. This opens up a
possibility of precise measurements of the total absorption of radio waves during RO
experiments in the water vapor and other minor atmospheric gas constituent absorption
lines at the millimeter and centimeter wavelength bands [87, 88]. The phase matching
method currently is a basic technique for operative RO data analysis. The CT method [78, 79,
81] appeared before the phase matching method and has been broadly used for determining
dependence of the bending angle on the impact parameter. The CT method requires
recalculating the field to a straight line from the orbital trajectory. This recalculation is
conducted by the use of the BP method. The spectrum of the CT transform may also be
applied to measurements of the total absorption of radio waves . Main condition for the
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application of the CT method is the spherical symmetry of the atmosphere and single-
valued connection between the impact parameter and bending angle. When the modified

refraction index M (r) is a monotonic function, only one physical ray may correspond to
the impact parameter p. A possibility of the multi-path effect corresponding to monotonic
M (r) profiles has been shown earlier in [69]. In this case the GIO, CT, and phase matching

method can disentangle the multi-path rays expressing the bending angle as a single-valued
function of the impact parameter p.

The amplitude-phase method [55, 82, 83, 89-91] may be applied in the case of one ray
propagation. This is important for identification of layered structures in the atmosphere and
ionosphere, and estimation of total absorption in the atmosphere. Based on forty years of
radio occultation (RO) experiments it is now recognized that the eikonal acceleration of
radio waves (equal to the time derivative of the Doppler shift), derived from analysis of
high-stability Global Positioning System (GPS) RO signals, is as important as the Doppler
frequency. The eikonal acceleration technique allows one to convert the phase and Doppler
frequency changes into refractive attenuation variations. From such derived refractive
attenuation and amplitude data, one can estimate the total absorption of radio waves. This is
important for future RO missions when measuring water vapor and minor atmospheric gas
constituents because the difficulty of removing the refractive attenuation effect from the
amplitude data can be avoided. The eikonal acceleration technique can be applied also for
determining the location and inclination of sharp layered plasma structures (including
sporadic Es layers) in the ionosphere. Advantages of the eikonal acceleration technique are
validated by analyzing RO data from the Challenging Minisatellite Payload (CHAMP) and
the FORMOSA Satellite Constellation Observing Systems for Meteorology, Ionosphere, and
Climate missions (FORMOSAT-3/COSMIC).

4. Results of RO investigation of the earth’s atmosphere

4.1. Atmospheric variations of RO signals and accuracy of determination

of vertical profiles of the refractivity and temperature

In the preceding chapters a possibility of restoration of vertical profiles of pressure and
temperature in the atmosphere from variations of parameters of radio signals has been
substantiated. As it was noted earlier, for determination of these characteristics it is enough
to find connection of the bending angle and impact parameter from measurements of the
frequency, phase or amplitude. In this chapter examples of RO signals variations caused by
the atmospheric influence are adduced and step-by-step transfer from measurements to
determination of the atmospheric parameters is considered . Measurements errors and
inaccuracies of the used algorithms of data inversion influence on the retrieved values of
atmospheric characteristics, therefore, in this chapter a short description of the basic errors
sources is conducted also. Values of the atmospheric parameters, determined by RO
method, are compared with results, obtained by other technical means. RO sounding of the
atmosphere allows obtaining information not only about the above mentioned
characteristics, but also about the wave, layered and turbulent structures in the atmosphere,
a possibility of their research by the RO method also will be considered in this chapter.
Before description of RO technique of the atmospheric data revealing, let us adduce results

of the first RO experiments, conducted in the decimeter (4, =32 cm) and centimeter (A, =2
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cm) ranges. During these experiments the monochromatic radio waves were emitted by the
MIR station transmitters and were received onboard geostationary satellites that
retranslated the received signals without any change of their structure to the ground based
measurement station. The distances from transmitter and receiver up to the radio ray
perigee (point T in Fig. 2.2.2) were equal to 42000 km and 2,100 km, respectively, vertical
velocity of intersection of the atmospheric layers by the straight line satellite-satellite was
contained in different experiments in the interval 1.4 - 2.1 km s-1. Transmitters and receivers
of the satellites do not be developed specially for RO sounding, however because the broad
diagrams of transmitting and receiving antenna and expanded dynamical range of the
receivers the RO signal reception was provided up to contact of the radio ray with the
earth’s surface. Note that the relative accuracy of restoration of vertical profiles of the
atmospheric parameters from the amplitude measurements is far below corresponding
values relevant to the phase data. Despite this variations of the signal amplitude give good
visualization of vertical atmospheric structures including the layered, turbulent or wave
formations. This difference appeared because the amplitude variations are inversely
proportional to the derivative of the bending angle with respect to the impact parameter;
however the phase path excess is proportional to the refractivity. Besides this the amplitude
variations depend on vertical size of the Fresnel’ zone, however the eikonal in the neutral
atmosphere does not depend on the wave length.
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Fig. 4.1.1.Typical variations of the field strength E of the radio waves in the range 4, =32

cm. Curves 1, 3, 4 are relevant to radio occultation above the Indian Ocean in December
1990. Curve 2 corresponds to radio occultation above the Kazakhstan in June 1990.

In Fig. 4.1.1 typical variations of the field strength E of radio waves in the range 4, =32 cm

obtained from RO data [28, 29] are shown as functions of the minimal height of radio ray H.
The field strength E is normalized relative to the level corresponding to free space.
Dependences E(H), shown by curves 1, 3, 4; and curve 2 were obtained during radio
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occultation above the Indian Ocean in December 1990, and above the Kazachstan in June
1990, respectively. Analogous dependences E(H) were obtained at the wave length 4, =2

cm. Determination of the altitude H has been provided by use of satellites trajectory data
and a model of the altitude dependence of the atmospheric refractivity. Usage of model may
lead to an error in the altitude measurements in the lower troposphere nearly equal to 1 km.
Since the decimeter radio waves practically are not absorbed in the atmosphere, then
variations of the field strength are caused mainly by the refractive attenuation
Measurements showed that a notable regular decreasing of the signal amplitude is
beginning at the altitude nearly equal to 30 km. Despite difference of conditions in the
investigated regions located above the land or ocean and distinct seasons of year,
dependences E(H) have many common features. The tropopause influence is notable on all
RO curves and become apparent as a sharp decreasing and next increasing of the signal
amplitude, all vertical profiles E(H) demonstrated a complex vertical structure of the
refractivity in the troposphere. At the altitude of the radio ray perigee H=5 km the
amplitude of radiowaves is changing in the interval 0.3-0.48 depending on RO region. At
the altitude H= 2 km the refractive attenuation may change from 0.16 up to 0.27 with the
average value equal to 0.21 . Measured near the earth’s surface values of the field strength E
are about two times below the theoretical magnitudes. This distinction may be caused by a
diffraction phenomenon. Radius of the first Fresnel” zone was equal nearly to 0.5 km in RO
experiments and therefore at the altitude H<1 km the surface influence may be significant.
Radio field near the surface may be attenuated owing to the refraction and diffraction
effects. Complex structure of altitude profile of refractivity in the troposphere, caused by the
temperature inversions, spatial and temporal variations of the humidity distribution, and
also by meso-scale irregularities, cloudiness, and atmospheric fronts, leads to significant
variations of the radio waves amplitude. Analysis of the refractive attenuation was
conducted in [28, 29] by use of real profiles of the meteorological- parameters and models of
the atmospheric structure and it was shown, that the amplitude variations of RO signal
passed through the atmosphere follow altitude location and intensity of the refractivity
features. Layered structures, for example, the clouds, in which the temperature is depressed
relative to the background, and therefore the refractivity is by several N-units (1 N-units=10-
6) greater the background values, are leading during immersion of radio ray in the
atmosphere at first to decreasing, and then to increasing of RO signal amplitude. A layer
having the increased temperature causes the increase of the amplitude when the minimal
height of radio ray H is decreasing with the next decreasing to a level below the average one
in a given altitude interval. Intensity of variations of the refractive attenuation may be
characterized by the magnitude of the difference between the local maxima and minima of
the amplitude, and their vertical extension is proportional to the depth of the temperature
inversion and the width of the inversion layer.

Analogously dependences of the refractive attenuation were obtained at wave length 1=19
cm by use of the satellites MICROLAB and CHAMP. Examples of variations of the refractive
attenuation as functions of the height H are given in Fig. 4.1.2. Along the horizontal axis
values of the minimal radio ray height H are marked. Data in Fig. 4.1.2 correspond to a
tropical region. The altitude interval 5 km- 30 km is shown in the left panel. The mesosphere
and lower ionosphere altitudes are demonstrated in the right panel in Fig. 4.2.1. Curve 1 and
curve 2 correspond to the refractive attenuations found from the amplitude and phase data.
Curves 3 are relevant to the theoretical model of the refractive attenuation. The sampling
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rate during RO measurements was equal to 50 Hz; RO measurements began at the minimal
height of radio ray nearly to 130 km and ending after disappearance of signal. Duration of
typical RO session, conducted by the CHAMP satellite, having the orbit with the height 470
km, was in average equal to nearly 100 s. The amplitude variations caused by the
ionospheric influence are seen in the beginning of measurements shown in Fig. 4.1.2 (right).
After the ionospheric variations when the height of radio ray is decreasing at first the
insignificant amplitude variations of signal are observed near the average level, transferring
into the regular decreasing at the altitudes below 30 km. In the end of the RO session the
intensive amplitude variations are seen because of the large vertical gradients of refractivity
near the tropopause at the altitude H~17 km typical of tropical regions.
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Fig. 4.1.2. Examples of vertical profiles of refractive attenuation at A =19 cm.

Method of obtaining of information about the amplitude and Doppler shift variations
caused by the atmospheric influence depends on the structure of RO signals and the
technical possibility of measurements of their parameters. The large number of the
operating navigational satellites, emitted high-stable signals indicated a good possibility of
their further application for the global monitoring of the atmosphere. Usage of the
navigational satellites GPS, GLONASS or GALILEO as emitters of radio waves strictly
determines the frequency range of emitted signals, their spectrum, power, amplitude and
phase stability. In the present time during RO experiments measurements of the amplitude

and phase of RO signals are conducted at frequencies f, = 157542 MHz and f, =1227.6
MHz. The amplitude of RO signal is measured as a voltage ratio of signal to noise, a phase

of signal is determined as the phase path excess (eikonal) of radio waves. Therefore the
amplitude of RO signal is proportional to the strength of electromagnetic field, it depends
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on receiver parameters: the noise temperature, the gain coefficient of the receiving antenna,
and ability of a spherical lens - the earth’s atmosphere - to focus (or defocus) radio waves.
As follows from the scheme of restoration of the atmospheric parameters indicated in the
Table 2.3.1 after measurements of the amplitude and phase path excess as functions of time
t, it is necessary to determine dependences of the bending angle &(p) on the impact
parameter p . For this aim one may use separately the amplitude and phase data. The most
accurately measured physical parameters are the time, frequency and phase of oscillating or
wave process therefore usually the phase data are used for atmospheric parameters
restoration. To find the bending angle it is necessary to determine the Doppler shift of RO
signal Af', caused by atmospheric influence.The Doppler shift may be determined from the
relationship

Af =27'dD/ dt . (4.1.1)

From known Doppler shift the bending angle and impact parameter may be determined as
functions of time &(¢), p(¢) by use of trajectory data. The found functions £(p) and pare

caused by influence of the neutral atmosphere and ionosphere. Quick change of the phase
path excess in the beginning of RO session is caused by propagation of radio waves through
the ionosphere. Influence of the ionosphere is an interfering factor for determining the
atmospheric characteristics.

The temperature restoration at the altitudes below 40 km with accuracy nearly 1 K requires
knowledge of the neutral atmosphere contribution in the bending angle up to the 100 km
altitude. The ionosphere introduces at the altitudes above 50 km a basic contribution in the
eikonal and, respectively, in the bending angle. The neutral atmosphere contribution
prevails below the altitude 40 km [67]. For determination of the neutral atmosphere
contribution in the bending angle it is necessary to exclude the ionospheric component.
Removing of the ionospheric component usually is accomplished by different ionospheric
correction methods. The simplest method of ionospheric correction consists in exclusion of

the ionospheric component in the eikonals @, and @, by use of relationship

o =(fro, - £20,)( - 12) (4.1.2)

where @ is the phase path excess in neutral medium, f, and f, are the frequencies of the
radio waves emitted by GPS system, @, and @, are measured values of the phase path

excess. At the altitudes below 40 km values @, and @, are practically the same and this

allows neglecting interfering influence of the ionosphere at these heights. At large heights
application of the Eq. (4.1.2) does not always ensures sufficient correction of the ionospheric
influence and this may leads to systematic errors in determination of the atmospheric
characteristics. This is connected with different paths of propagation of radio waves of the

ranges f, and f, because of dispersive properties of the ionospheric plasma. These paths
are characterized by the different impact parameters. Analysis conducted in [37] showed,
that difference of the altitudes of the ray perigee in the ranges f, and f, may change in the
10-500 m interval depending on the current state of the ionosphere and the height of
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sounding in investigated region. For decreasing of the errors in determination of the
atmospheric parameters, connected with the difference of the propagation paths of radio
waves having different frequencies, another ionospheric correction method was suggested

in [92]. This method consists in separate determining dependences of the bending angles &,
and &, on the impact parameter p for radio waves having the frequencies f, and f, and

presentation of dependences of atmospheric contributions to the bending angle &(p) in the

form of a linear combination
Ep) = &) - 4D (- (4.1.3)

Since values &, and &, are determined with the constant time intervals, the interpolation of

dependences &, and &, is necessary for ionospheric correction by use of Eq. (4.1.3). Note
that any method of the ionospheric correction does not exclude at all the interfering
influence of the ionosphere and, in particular, the fluctuations of the bending angle, caused
by the ionospheric irregularities. Comparison of found after the ionospheric correction
bending angle & with values, calculated from meteorological model of the atmosphere,

showed, that caused by the ionospheric irregularities relative error in determination of ¢ is

large even at the minimal height of radio ray equal to 50 km [67]. At the altitudes 70-100 km
unavoidable variations of & are similar to homogeneous high-frequency noise [67]. Vertical
profiles of the bending angle & in the upper atmosphere are near to the exponential one and
in the altitude range 70-100 km values ¢ should diminish from 10-6 up to 10-8 radian. In the
same time according to results of RO measurements values of & are changing in the interval
from 10-5 to 10-¢ radians. The remaining error of ionospheric correction arises owing to
influence of the small-scale ionospheric irregularities. Due to the different propagation paths
of RO signals at frequencies f, and f, the effect of influence of the small-scale irregularities
becomes uncorrelated and application of the relationship (4.1.3) only reinforces the
uncorrelated noises, existing in two channels of the phase measurements. Diminishing of the
interfering ionospheric influence may be achieved only by sounding of the atmosphere at
the smaller wavelengths, for example, in the centimeter range. After consideration of
possibilities of the existing technical tools another methods were suggested for decreasing of
the ionospheric influence on the results of restoration of the atmospheric parameters. One of
them is the statistical regularization method consisted in changing of the experimental
values of the bending angle £ at the altitudes H> 45 km by values ¢ calculated by use of a
radio meteorological model of the atmosphere [67]. Analysis of the errors in measurement of
bending angle and their influence on the accuracy of restoration of vertical profiles of the
atmospheric parameters has been conducted in [93]. In this work it was shown, that, since at
the 50 km altitude of the radio ray perigee & =10 radians, at the 35 km altitude & =104

radians, and near the earth’ surface &= 102 radians, the relative error in the &

measurements is quickly diminishing with the height decrease.
Before description of the next stages of atmospheric parameters determination, consider
variations of the bending angle & under different conditions of the atmospheric sounding.
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The bending angle & determined from the phase measurements, in essence, is an

independent integral parameter, characterizing the atmospheric state. The ionosphere
practically does not influence on the accuracy in measurements of & at the altitudes below

35 km. Therefore results of measurements of the bending angle, conducted in the different
frequency ranges, in different time and in different climatic zones and having small relative
errors, may be useful for detecting of the long-term trends in the atmospheric state.

The next stage after finding the bending angle and the impact parameter- in correspondence
with the table 2.3.1 - is determining the altitude profile of the refractivity n(r) by use of the

Abel inverse transformation (2.3.4) and vertical profiles of the atmospheric parameters in
correspondence with Egs. (2.3.8- 2.3.10). Before description of these stages of the data
analysis it is necessary to study the sources of RO method errors. Before conducting the
regular RO experiments in the work [37] an analysis of the different sources of measurement
errors, inaccuracies of data handling and their influence on the accuracy of restoration of the
atmospheric parameters was conducted. These sources may be unified in three groups:
measurement errors, the calibration inaccuracies and errors of restoration of the atmospheric
parameters. Measurement errors are caused by the technical inaccuracies: values of the ratio
signal to noise, phase instability of the transmitter and receiver oscillators, clocks instability,
multi-path effect and variations of the phase centers location of the transmitting and
receiving antenna. The calibration errors depend on the interfering influence of the
ionosphere and accuracy of determination of the satellites orbital parameters. Calibration
errors are individual for each RO mission and in each measurement session. The common
sources of errors influencing on the results of RO measurements are: errors in the constant
values included in the expression for the refractivity (2.1.3); errors, connected with the
upper boundary conditions in the Abel transformation (2.3.4) and in Egs. (2.3.8) and (2.3.10);
horizontal gradients of the refractivity and uncertainties in the altitude distributions of the
water vapor in investigated region. In this section the sources of all mentioned errors do not
be considered in detail because their extended description is already given in the work [37].

For determination of the altitude profile of the refraction index n(r) and vertical profiles of
the atmospheric parameters it is necessary to set the initial values of the bending angle & or
the impact parameter p,at the altitude 4, below which the atmospheric characteristics are

restored, and the corresponding to this altitude initial values of gas density, temperature T;
and refractivity Ni. Inaccuracy in setting of these initial values are leading to the systematic
deviations in restoration of the altitude profile of temperature T'(h); these errors are large
near the upper boundary ho and are diminishing when the height is decreasing. The
estimations conducted in [67] showed, that the 20% error in setting an initial value of the

bending angle at the upper boundary at the altitude H, #50 km leads to the temperature

errors near 2 K at the height 20 km. The initial values do not influence on the results of the
temperature restoration at the altitudes below 40 km if they are setting at the height about of
90 km.

4.2 Examples of evaluations of the atmospheric parameters from
preliminary results of FORMOSAT-3/COSMIC RO mission
The geographical distribution of the first 10-day FORMOSAT-3/COSMIC RO mission

events is given in Fig. 4.2.1. from April 21 to 30, 2006. The total number of the RO events is
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812 because the main goal of the preliminary phase consists of checking the receivers
software and hardware on board the FORMOSAT-3 satellites. After ending the preliminary
phase (about 20 months after the launch) the nominal value of the RO events will achieve
about 2500 occultations per day. Near polar orbit of the FORMOSAT-3 satellite allows global
monitoring including North and South Polar regions, and ocean areas. As a rule, the first
FORMOSAT-3/COSMIC RO measurements have been provided down to 5-8 km height
interval. Tracking firmware for COSMIC receivers has been implemented by JPL [94]. L1
and L2 signals have been recorded in closed-loop mode above ~10 km. Below ~10 km L1 has
been recorded in open-loop mode. While measuring the neutral atmospheric parameters,
the ionospheric correction method is applied to subtract the ionospheric effect from the RO
phase data. The linear ionospheric correction of the phase delays is applied automatically in
the FORMOSAT-3/COSMIC RO data using formula (4.1.2) [95, 96]. The common bending
angle correction method [92] requires differentiation of the phase excess on time and
therefore enlarges the influence of high-frequency noise. Disadvantage of both linear
correction methods consists of increasing of the high-frequency noise contribution. To
diminish the high-frequency noise contribution, we exclude separately slow ionospheric

trend from both frequencies f, and f, by use of the ionospheric model IRI-2000.

S

Fig. 4.2.1. Geographical distribution of the first 10-day FORMOSAT-3/COSMIC RO sessions
from April 21 to 30, 2006. Open circles correspond to the night events from 20-00 to 08-00
LT. Closed circles correspond to the day events from 08-00 to 20-00 LT.

To eliminate a possible bias that model may introduce into the neutral refractivity profile we
use the reference function which has been obtained from the phase delay ®(#) by the least
squares method. By this way of the ionospheric correction we exclude the ionospheric
systematic error in the low frequency interval and increase in the high-frequency noise. The
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suggested method is appropriate during minimum in solar activity when the ionosphere is
quiet. The results of application of the ionospheric correction to both phase delays f, and
f,and comparison with the linear correction method (4.2.1) are shown in Fig. 4.2.2. The

results, shown in Fig. 4.2.2, have been obtained after subtracting the phase delays, calculated
using model of standard refraction in the atmosphere (2.1.4). The curves 1-3 in Fig. 4.2.2

(right) demonstrate the phase delays ®,(#) (curve 1), ®@,(?) (curve 2) and linear corrected
phase delay @(¢) as function of the height 4 in the atmosphere. The noise from frequency
®;(t) is seen also in the phase delay ®(#) (curve 3). Application of the ionospheric model
allows excluding ionospheric effect from both phase delays ®,(¢) (curve 1) and ®,(¢)

(curve 2) without increasing the noise intensity (Fig. 4.2.2, left). For better comparison with
results of linear ionospheric correction (curve 3) curves 2 and 3 are displaced by 0.5 m in the
opposite sites (Fig. 4.2.2, left).
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Fig. 4.2.2. The phase excesses @, (f) and @, (¢) (curves 1 and 2) before (right) and after (left)

ionospheric correction. Curves 3 describe the automatically corrected phase delay ®(#) by
use of Eq. (4.1.2). Curves 2 and 3 (left) are displaced by 0.5 m for better comparison. The
noise, which is seen at frequency f, (curves 2), is transmitted after linear ionospheric
correction to the contribution from the neutral atmosphere (curves 3). The ionospheric
correction, which uses the ionospheric model, does not allow the noise transmission to the
corrected phase delay at frequency f, (curve 1 in the left).

The model dependent ionospheric correction minimizes the noise level in the retrieved
atmospheric refractivity. This allows obtaining high accuracy in vertical profiles of pressure

and temperature. Results of retrieving vertical profiles of refractivity N(4) [ N -units],

pressure P(h) [hPa] and temperature 7T'(h) [K] from the phase delay ®,(¢) are

demonstrated in Fig. 4.2.3 for the FORMOSAT-3/COSMIC RO event Ne 0003, April 22, 2006,
17 h 33 m 40 s LT, with geographical coordinates 74.3 N 333.2 W. Data, shown in Fig. 4.2.3,



60 Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere

left, are relevant to vertical profiles of pressure P(%) (curve 1), refractivity N, (/), obtained
from the standard model of the atmosphere (curve 2), refractivity N(%), retrieved from the
phase delay @, (?) (curve 3), and to the difference N, (h)— N(h) (curve 4). The retrieved

vertical profile of the refractivity is below the standard atmospheric refractivity profile
because of geographical location in the North Polar region, where the cold temperature in
the lower troposphere necessitates the higher rate of diminishing of refractivity and
pressure with altitude. Vertical profile of temperature T(h) obtained after the model-

dependent ionospheric correction from the phase delay ®,(¢) is shown in Fig. 4.2.3, right.
The changes of temperature 7(4) are concentrated in the 216 - 228 K interval when the
altitude is increasing from 10 km to 40 km.
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Fig. 4.2.3. Left: Results of retrieving vertical profiles of refractivity N (/%) and pressure P(h)

from the phase delay ®,(#). The top left vertical axis corresponds to pressure (curve 1) and

the bottom left vertical axis is relevant to the refractivity perturbations (curve 4). The right
vertical axis corresponds to altitude profiles of the refractivity calculated by use of standard
atmospheric model (curve 2) and to the refractivity retrieved from the RO data (curve 3).

Right: Results of retrieving vertical profile of temperature 7(4). Data are relevant to the

west part of the Barents Sea with geographical coordinates 74.3 N 333.2 W. Open circles
indicate the results of NCEP analysis for this area (April 22, 2006, 15 h 00 m UT
http:/ /www.cdc.noaa.gov/cgi-bin) at the altitudes corresponding to pressure 250 hPa; 200
hPa; 150 hPa; 100 hPa; 70 hPPa; 50 hl’a; 30 hPa; 20 hPa; 10 hPa.

The influence of tropopause, where vertical gradient of temperature changes from -5 K/km
to +2 K/km is evident in the 8 km - 11 km altitude interval. The 11 K temperature increase
with vertical gradient 0.9 K/km is visible between 28 and 40 km. The temperature obtained
from RO measurements can be compared with data of NCEP analysis in this region relevant
to the time of RO measurements. The results of NCEP analysis have been obtained from the
website http:/ /www.cdc.noaa.gov/Composites/hour/ and are shown by open circles at
the altitudes corresponding to pressure values 250 hPa; 200 hPa; 150 hPa; 100 hPa; 70 hPa;
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50 hPa; 30 hPa; 20 hPa and 10 hPa. Comparison of results of RO measurements analysis with
NCEP data indicates an accuracy about of £0.5° K between 12 and 20 km and from +1 K to
2 K between 20 and 35 km. This indicates, that quality of FORMOSAT-3/COSMIC RO
measurements corresponds to that one observed in CHAMP experiments. Influence of
layered wave-like structures with amplitudes of about 1 K- 3 K and vertical wavelength 1 -
3 km is clearly seen between 11 and 28 km.

Temperature vertical profiles in two equatorial and two moderate latitude areas are shown
in Fig. 4.2.4 and Fig. 4.2.5. These RO events are located in the equatorial and tropical part of
the South America, respectively. The moderate latitude’s RO events are located in the South
part of Indian Ocean (geographical coordinates 57.5 S and 295.1 W) and in the Northern part
of the Pacific Ocean (geographical coordinates 55.5 N and 194.6 W), respectively (Fig. 4.2.5).
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Fig. 4.2.4. Comparison of the temperature vertical profiles above the equatorial at 5 : 18 : 03
p-m. local time on Apr. 26, 2006, at 11°36' N, 63°48' W, and tropical part at 4 : 56 : 38 p.m.
local time on Apr. 29, 2006, at 23°12' N, 59° W of the South America (left and right panel,
respectively).

The results of NCEP analysis are shown by open circles at the altitudes corresponding to
pressure values 200 hPa; 150 hPa; 100 hPa; 70 hPa; 50 hPa; 30 hPa; 20 hPa; and 10 hPa. The
forms of vertical temperature profiles are very different. In the equatorial and tropical
regions of the South America the tropopause is clearly seen in the temperature profile with
minimal temperatures between 190 and 197 K concentrated near the 17 km altitude. Above
the tropopause the temperature is increasing from 190 - 196 K (Fig. 4.2.4, left and right) at
h~17 km up to 270 - 275 K at altitude 46 km (Fig. 4.2.4, left) and up to 235 - 240 K at altitude
37 km (Fig. 4.2.4, right). Temperature variations observed between 17 and 40 km may be
connected with influence of the internal atmospheric waves. Above the 36 km (Fig. 4.2.4,
left) and the 32 km (Fig. 4.2.4, right) the temperature achieved maximal values ~ 270 K and
240 K, respectively. These maxima may correspond to warming effect of the stratospheric
ozone. Random temperature variations between 36 km and 46 km altitude interval are
mainly caused by the high-frequency receiver noise. In the moderate latitude area one can
see the multiple tropopause phenomenon (Fig. 4.2.5). The first temperature minimum is
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located near the 10 km altitude. The minimal temperatures are also seen between 10 km and
22 km and in 10 - 28 km height intervals (Fig. 4.2.5, right and left, respectively). Small
temperature variations between 10 km and 28 km height interval are connected with
influence of the internal waves having vertical wavelength 1 - 4 km. The temperature
increases by 30-40 K at the altitudes 22 - 40 km up to maximal value ~ 250 K-255 K at the 36
and 40 km (Fig. 4.2.5, right and left). Statistical error in the temperature measurement is
quickly increasing and is about +4 K at the altitude 40-46 km (Fig. 4.2.5). Comparison of
results of RO analysis with NCEP data indicates good quality of FORMOSAT-3/COSMIC
RO measurements.
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Fig. 4.2.5. Comparison of the temperature vertical profiles in the moderate latitude areas
above the Southern part of the Indian Ocean at 4 : 55 : 01 a.m. local time on Apr. 23, 2006, at
57°48' N, 295°6' W, and in the Northern part of the Pacific Ocean at 3 : 05 : 54 p.m. local time
on Apr. 25,2006, at 55°30' N, 194°36' W (left and right panel, respectively).

Therefore, results shown in Figs. 4.23- 4.2.5 indicate sufficient level of accuracy of
temperature vertical profiles T 0.5- % 2 K), found from the FORMOSAT-3/COSMIC RO
phase ®i(t) data, and reveal advantages of application of RO method to study
meteorological parameters at different altitudes in the stratosphere and upper troposphere.

4.3. Amplitude of RO signal as radio-hologram of layers in the atmosphere

The amplitude channels of RO signal open new potential and capability for the observing
and researching the atmospheric layers [98, 99]. As shown in [65, 66, 73, 98] the amplitude
channels of the radio holograms contain important information on vertical gradients of the
temperature and refractivity in the atmosphere and the electron density in the mesosphere.
Quasi-regular structures are often seen in the amplitude data at heights corresponding to
the tropopause and lower stratosphere. These structures change with geographic position
and have vertical periods in the range of 0.8-4 km. The structures with small vertical periods
are possibly associated with the atmospheric internal waves transmitting energy and
momentum from the troposphere to the stratosphere [100, 101]. In Fig. 4.3.1 and Fig. 4.3.2
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the amplitude variations A1l and A2 at two frequencies L1 and L2 are compared with the
retrieved perturbations in vertical gradient of the refractivity dN(h)/dh (curves G1 and
G2) for GPS/MET RO events. Fig. 4.3.1 and Fig. 4.3.2 describe variations of the magnitude
dN(h)/dh for a low latitude region with coordinates 16.3 N, 104.6 W; and a moderate
latitude area with coordinates 48.1 S, 333.7 W. The amplitude data Al and A2 are
normalized relative to the free space conditions and displaced for comparison. Curves G1
and G2 which describe the perturbations of dN(/)/dh measured at frequencies L1 and L2,
respectively, are also displaced in Fig. 4.3.1 and Fig. 4.3.2 for comparison. Fig. 4.3.1 and Fig.
4.3.2 consist of two parts describing perturbations of dN(%)/dh in the altitudes intervals 2-
20 and 20-40 km, respectively, with a goal to show variations of the refractivity gradient at
high altitudes in an appropriate scale. The retrieved vertical refractivity gradients G1 and
G2 reveal quasi-regular variations at the tropopause altitudes both in the low latitude and
moderate latitude areas. Typical values of these variations are about +(4-6) N-units/km and
typical vertical periods are 0.8-2.5 km. Changes in vertical gradients of the refractivity may

be connected with internal waves propagating through the tropopause areas and,
consequently, may correspond to changes in the horizontal wind velocity. The changes of

dN(h)/ dh below tropopause altitudes may be connected with water vapor influence and

clouds structures. In the stratosphere region the wave-like structures can be seen in Fig. 4.3.1
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Fig. 4.3.1 Vertical gradients of the refractivity G1 and G2 (perturbed part) in the low latitude
troposphere and stratosphere (above the Mexican coast of Pacific Ocean) retrieved from the
amplitude channels Al and A2 of radio holograms at frequencies F1 and F2 (GPS/MET
radio occultation data, event 0537). Curves M1, M2 indicate the refractive attenuation
corresponding to the refractivity model in the RO region.
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Fig. 4.3.2. Vertical gradients of the refractivity G1 and G2 (perturbed part) in the middle
latitude troposphere and stratosphere (GPS/MET radio occultation data, event 0648). The
designations are the same as in Fig. 4.3.1.

and Fig. 4.3.2 (right parts) also. Typical values of these variations are about * 0.2-0.6 N-
units/km and typical vertical periods are 1-3 km. Vertical gradients of the refractivity can

be applied to retrieve vertical distribution of the temperature gradient d7'(h)/dh . The

restored vertical profiles of dT(h)/dh are shown in Fig. 4.3.3 for the considered GPS/MET

RO events. Curves GU in Fig. 4.3.3 present results obtained by the UCAR (University
Consortium for Atmospheric Research) science team [32, 38] and published at the Internet
site: http://www.cosmic.ucar.edu/gpsmet/feedback.html. Curves GU in Fig. 4.3.3 are
obtained from the UCAR temperature profile TU by numerical differentiating.
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Fig. 4.3.3. Altitude profiles of temperature vertical gradient retrieved from the amplitude
(curves GA) and phase RO data (curves GU) at two frequencies F1 and F2 for GPS/MET RO
events 0537 (left) and 0648 (right).

In general the trends of the retrieved temperatures vertical gradient are consistent with
those provided by UCAR. Temperature gradient retrieved from the amplitude data reveals
better spatial variations with vertical periods 0.4-5 km than the UCAR temperature



Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere 65

gradient. Sharp variations in vertical gradients corresponding to the tropopause region from
-8 to —10 K/km up to 8 to 10 K/km are visible in Fig. 4.3.3. These changes are better seen in
gradients restored from the amplitude data. Corresponding temperature variations have
amplitudes £(5 - 8) K in the tropopause and +(2 - 4) K in the stratosphere. Variations of
vertical gradient in the stratosphere reveal layered structures with vertical periods of about
0.8 - 2 km and amplitude of about (4 - 6) K/km. As follows from analysis of data shown in
Figs. 4.3.1 - 4.3.3 the suggested method is useful for studying layered structures in the
atmosphere.

4.4. Comparison of RO method with other satellites and ground based technique

In work [38] comparison of data, obtained during RO experiments in 1200 regions, with
results of evaluation of vertical profiles of temperature and refractivity provided in the
National Center for the Prediction of the environment state (NCEP) and the European
Center of Middle-scale Weather Forecast (ECMWF) is conducted. Also comparison with the
results of measurements of meteorological zonds, remote sensing observations by usage of
radiometers in radio- and infrared ranges, oriented in nadir or in the earth’s limb directions,
and also with data of stellar occultation, has been provided. Each of these methods has own
accuracy characteristics, vertical resolution and trustworthiness of the obtained data, and
this requires bringing the results of measurements or evaluations to the same time instants
and to the same coordinates of the investigated region. As the common parameters,
characterizing the atmospheric state and determined from results of measurements or
evaluations, the temperature T or the refractivity N at the same height or at the same
pressure are selected. Before comparison of the temperature and refractivity, determined by
different methods, let us briefly characterize these methods and their accuracy following to
work [38]. The meteorological zond measurements under the “ideal” conditions and careful
calibration ensure the instrumental temperature and relative humidity measurement errors
are about 0.5 K and several percents, respectively, excluding the case of very low
temperature or very high relative humidity [102]. Level of instrumental errors may be
achieved only in the conditions of constancy of the environment state. By use of
meteorological zonds measurements from the surface up to the height near 20-30 km may
be conducted. With increasing of the altitude error in temperature determination is
increasing and achieved 1 K near a 250 mbar pressure level (10.5 km altitude) and is
heightening up to 4 K at 31 km altitude corresponding to pressure 10 mbar. Meteorological
zonds measurements ensure the altitude resolution in the interval of several hundreds
meters, however the temporal interval between launches of meteorological zonds occurs
rare below 12 hours; some stations conduct meteorological zond’s launches only one time
per day and often in the different time. Meteorological zonds measurements give the most
accurate information, used in centers of weather forecast, such as NCEP and ECMWF. These
data play an important role for calibration and interpretation of results of radiometric limb
measurements, conducted by a geostationary satellite of operative control of the earth’s
environment (GOES) and TV system for infrared observation (TIROS) of the operative
vertical sounder (TOVS). Measurements by use of multi-channel radiometers, installed
onboard GOES, ensure the temperature restoration at 40 pressure levels up to the height
h =70 km with the pressure equal to 0.1 mbar, and the humidity at 20 levels up to height
h =17 km with the pressure equal to 100 mbar in the case of the cloudless atmosphere.
Advantage of this observation system is a possibility to obtain information about the
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altitude distribution of the water vapor. TOVS ensures temperature and pressure restoration
with accounting for the humidity from results of measurements, conducted by three
radiometers [103]. The stratospheric temperature and pressure data are obtained also by
satellite observations of the oxygen emission in direction of the earth’s limb by use of 15-
channel radiometer at frequency 63 GHz. These measurements ensure obtaining the
temperature data in the altitude range approximately from 25 up to 55 km where the
pressure is changing from 46 up to 0.46 mbar. Accuracy of temperature determination is
changing from 2.1 K up to 4.8 K at 22 mbar and 0.46 mbar pressure levels, respectively. At
the 46 mbar pressure level error in temperature determination increases up to 7 K.
Information on the altitude profiles of temperature in the altitude interval from 35 up to 80
km are obtained from results of stellar occultations. These measurements have vertical
resolution 1.6 km and give temperature information at eight pressure levels in the interval
from 4.6 up to 0.3 mbar with accuracy 2.5 K.

In [38] a technique for comparing results of determination of the refractivity and
temperature from measurements provided by different methods were elaborated. The
results of evaluations from NCEP and ECMWEF models have been compared with data of
meteorological zonds and measurements provided by different satellite missions including
the RO observations. Values of refractivity and “dry temperature” have been compared at
the same heights. The dry temperature is below the atmospheric temperature, however, it is
restored immidiately from RO measurements and therefore it is convenient to use for
comparison with results, obtained from different methods. Note that results of the
temperature evaluations fulfilled by use of the NCEP and ECMWF models are discerning
not greater than by 1 K with RMS variations from 1 up to 2 K. The refractivity values
estimated from these models agree in the interval 0.5% at the altitudes from 2 up to 24 km
with the RMS deviation below 1% above 10 km; in the lower troposphere the RMS deviation
of values N is increasing up to 4%. Comparison of the restored from RO data vertical

profiles of the refractivity N(h) and temperature 7'(h) and profiles N, (h) and T,(h) ,

evaluated from the NCEP and ECMWF models, fulfilled in [38], showed, that the average
difference AN(h) = N(h)— N, (h) does not exceed 1% in the altitude range from 1 up to 50

km. In the altitude interval from 1 up to 30 km the RMS deviation of the difference in values
of the refractivity 0(AN) measured by RO method and evaluated from the NCEP and
ECMWEF models is located in the interval 1-2%. The average difference between the
measured and evaluated temperature AT'(h) =T (h)—T,(h) is equal to 1 K in the altitude

interval 1 km - 42 km. The RMS deviation &§AT) of the difference between the dry and actual
temperatures found from measurements and evaluations is equal to 2 K in the altitudes
interval 10 km - 25 km and increases below 10 km and above 25 km. Increase of S(AT)
below 10 km is caused by significant variations of the water vapor content.

It was established from comparison of the RO and radiozonds measurements of the
refractivity N and temperature T, that values N are coincided in the interval 1 - 2% in the
altitude interval 2 km - 25 km. The temperature difference AT in average does not exceed 0.5
K in the altitude interval from 2 up to 28 km with the RMS values of §AT) from 2 K - 3 K
above 10 km. Below 10 km values of §(AT') are changing in more broad interval because of

variations in the water vapor content. Comparison of RO data, results of the radiometric and
other methods of N and T determination showed their good correspondence. RO
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measurements and data of limb microwaves sounder (MLS) are in very good agreement in
average with values of N and T at the altitudes 24 - 45 km. The average difference in
temperature AT does not surpass 1 - 2 K. 32 vertical profiles of N(4)and 7(4), obtained by

RO method, were used for comparison with radiometer data of the satellite GOES. The
difference in values AN , determined by two methods, was about of 1% in the height

interval from 4 up to 20 km with the RMS deviations 6(AN) in the intervals 1 - 2% and 2 -

3% at the altitudes 10 - 20 km and 4 - 10 km, respectively. Values N, determined from RO
data and from TOVS measurements, in average are coincided in the interval 1% at the

altitudes 10 - 44 km with the RMS variations 0(AN) =1 - 2 % in the altitude interval 10 -
30 km. Deviations of the average temperatures at the altitudes 10 - 40 km is of order 1 K
with the RMS value 6(AT') =2 K. According to TOVS data the temperature above 40 km is

by 9 K lower, than from RO measurements, this may be because of the low resolution of
TOVS sounder in a region of temperature maximum in the stratopause. Comparison of the
radio and optical (HALOE) occultation measurements demonstrates coincidence of values N

in the interval 1 - 2 % in the altitude interval 35 - 45 km with the RMS deviation 6(AN) of
about 2 - 3 %, correspondence of temperature in the interval 1 - 2 K was observed up to 40
km. Conducted in [104] comparison of nearly 170,000 profiles N (%), obtained by satellite

CHAMP, with the ECMWF forecast analysis showed nearly full coincidence of values N in
the altitude interval 10-30 km with the RMS deviation of about 1%. Values of the RMS

deviation depend on the geographical latitude. In the tropical regions they are equal to 3%.
The RMS deviation of N(/)is below 1% near the earth’s surface in the moderate latitudes

and in the polar region.

On the basis of the conducted in [38, 93, 104, 105] verification of RO results with other
independent measurements one may conclude, that values of the refractivity in general case
are coinciding with accuracy 1 - 2 %, and dry temperature - in the interval 1 - 2 K. In
measurements, conducted by different methods, values of the refractivity in general
demonstrated better agreement, than the corresponding values of temperature, since the
temperature in the lower troposphere is significantly influenced by spatial variations of
humidity. Therefore, the accuracy of RO method in determination of vertical profiles of
atmospheric parameters is sufficient for use in the short-scale and middle-scale weather
forecasts in the NCEP and ECMWF models.

Sufficiently large difference in the measured by different methods vertical profiles N (%) is

observed in the tropical regions. In this connection it is interesting to compare the results,
obtained by RO and other methods in the regions with heightened concentration of water
vapor in the atmosphere. In work [105] a comparison of the 33 vertical profiles of
temperature, obtained during the RO GPS-MICROLAB experiments in the tropical region,
was conducted with the radiozonde data in areas, separated by several hundred kilometers.
The meteorological stations were disposed in the Indonesia in the regions with the
geographical coordinates 6.9° S, 107.6° E (Bondung) and 0.03° N, 109.3° E (Pontianak). For
comparison the data were used with difference in time not more than * 6 hours. The RMS
deviation of the temperature difference JAT) from meteorological and RO measurements
was about 1 K in the upper troposphere, where influence of humidity is small, and nearly 2
K in the stratosphere below 25 km. In the troposphere below 9 km the systematic distinction
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of the temperatures determined by two methods was observed. This distinction is caused by
influence of humidity. The authors of work [105] showed that in the investigated regions the
humidity influence appears already at the altitudes 8 - 10 km. Therefore, during analysis of
results of RO sounding in the tropical region it is necessary to account for influence water
vapor at the altitudes below 10 km. In work [38] it was shown that after accounting for
influence of water vapor the RO and meteorological temperature measurements in the
troposphere are coincided with accuracy about of 1 K.

Data of RO experiments in the moderate latitudes have been compared with the radiozonde
measurements provided in the regions with coordinates 34.9° N, 140.09° E (Tsukuba, Japan).

Comparison showed that the RMS values of the temperature difference 6(AT'), obtained by

two methods, does not exceed 1.9 K in at the altitudes 14 - 30 km and are diminishing up to
0.9 K at the altitudes 5 - 14 km. At the altitudes below 4 km the RMS values of the
temperature difference are in the neighbourhod of 3 K. This is caused by influence of the
water vapor on the results of RO measurements.

Comparison of the vertical temperature profiles, obtained by use of the earth-based
Rayleigh’s lidars, with 18 RO temperature profiles, showed that the RMS values of the
temperature difference is equal to 10 K in the altitude interval 40 - 60 km and are
diminishing up to 6 K in the altitude interval 30 - 40 km. The authors of work [105]
supposed that the relatively large distinction in these temperature measurements appears
because RO soundings of the atmosphere were conducted above regions, separated by the
distances up to 1000 km from a lidar. From comparison of the RO and lidar measurements

having the time difference about one day, and spaced apart at 310 km, the values 0(AT)

were at around 4.3 K at the altitudes 40 - 60 km and nearly 2 K below 40 km height.

The tropopause plays significant role in the atmospheric processes determining the weather
and climate. The tropopause is the transfer region between the troposphere which state is
mainly determined by dynamic processes, and stratosphere, in which the emission and
absorption processes prevail. The authors of work [106] found high correlation between the
measured and evaluated pressures in the tropopause and reveal the seasonal and diurnal
variations in the pressure fields on the basis of comparison of the high-resolution RO
measurements and evaluations fulfilled in the National Center for the Prediction of the state
of environment (NCEP) and in the National Center of the Atmospheric Research (NCAR).
The tropical tropopause plays the key role in connection between the tropical region and the
middle atmosphere. The seasonal variations of the minimal temperature 7, and height A, of

the tropopause were investigated by use of the MICROLAB RO experimental data obtained
near Bandung (Indonesia) at the latitudes 5° N - 15° S and longitudes 90° E - 125° E [105].
Comparison of the radiozonde and RO measurements showed, that the observed seasonal
variations of 7, and /, are corresponding sufficiently. The temperature difference does not

exceed 2 K, and the RMS deviation of the minimal altitude difference, determined by two
methods, is about 0.7 km. Important result of comparison of these two methods is
demonstration of the sufficient accuracy of RO measurements for detecting and
determination of the seasonal and diurnal characteristics of the temperature variations
structure near the tropopause. Analysis of the tropical tropopause parameters obtained in
period May 2001 November 2003 by use of the CHAMP satellite, and their comparison with
the ECMWEF evaluations results leads the authors of work [107] to the conclusion, that at the
30 - 300 hPa pressure levels the difference of the experimental and evaluated temperature
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values is well below 0.5 K. An annual circle and spatial variability of the tropical
atmosphere and indicators of quasi-biannual variations have been revealed. The seasonal
variations of the middle- and high- latitude tropopause were analyzed by use of 160000
CHAMP RO sessions data, conducted in the period May 2001 - July 2004. The results of RO
determination of the “dry” temperature have been compared with analysis, fulfilled in
NCEP and NCAR by use of the archives meteorological data [108]. Comparison of the RO
and forecast data indicated their good correspondence and allows making conclusion on the
effectivity of RO measurements for determination of the global distribution of the
tropopause parameters. The accuracy of RO measurements of the atmospheric refractivity is
around 1% at the altitudes 1 - 40 km. The errors in temperature determination do not
exceed 1 - 2 K at the altitudes 2 - 35 km excluding the regions having high humidity. If the
data on the altitude distribution of water vapor are known from independent sources the
error in temperature restoration does not exceed 2 K. Therefore the RO sounding in the
communication links satellite to satellite is an effective method of the meteorology and
climate monitoring.

4.5. Investigation of layered structure and wave’s activity in the atmosphere

The internal gravity waves in the atmosphere have been studied during many years. As it
was turned out the small-scale waves with length about of several kilometers and period
near 10 minute arise in the atmospheric boundary layer; waves with the horizontal length
100 - 1000 km, vertical period 1 - 10 km, and frequency 0.01 - 0.0001 s-! are coming into
existence owing to atmospheric fronts, cyclones, cumulus-nimbus convection, and also
appear because of relief influence on the air movement in the mounting regions. Internal
waves play an important role in vertical transfer of energy and kinetic momentum.
Atmospheric circulation and temperature regime essentially depend on the intensity of
internal waves, since they determine the turbulence development and mixing of the
atmospheric layers. Waves breaking and dissipation play an important role in the dynamic
and energetic balance of the mesosphere [109-112]. An origin of the internal waves is
studied by different methods, including measurements of the middle-scale variations of
temperature and wind velocity in the atmosphere with usage of the ground based radars.
Radar measurements revealed a seasonal and annual cyclic recurrence in the internal wave
activity in the moderate latitudes, connected with variations of location and intensity of the
wind jets in the planetary frontal areas [113]. Airborne measurements indicated, that in the
tropical zone the internal waves are arising, mainly, when an intensive development of the
powerful cumulus-nimbus and thunder clouds takes place, particularly, in the areas of
tropical depressions [114]. The seasonal and geographical distribution of stratospheric
internal wave activity has been studied with usage of the meteorological rockets [115, 116].
For determination of the seasonal and latitudinal dependences of the potential energy of the
internal waves the results of regular temperature measurements above Australia and
Antarctica have been analyzed in the latitudes from 12° up to 68° S with usage of high-
precision meteorological zondes. At the 17- 24 km altitudes in the stratosphere the annual
variations of wave activity were revealed with maximum locating in the lower latitudes
during the seasonal rains in December-January, and in the moderate latitudes - in the
winter months (June-August) [117] . Measurements of wave parameters on rockets and with
usage of radiozonde, radar and lidar observations are limited by positions of the ground
based stations, located, mainly, in the Northern hemisphere [113-118]. For revealing of the
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mechanisms of the stratospheric and mesospheric dynamic it is necessary to elaborate
models, including experimental information, distributed uniformly on the earth’s surface,
and describing an influence of waves on global variations of the air flows in the atmosphere.
Satellite radiometric measurements allow obtaining information about dynamical structure
of the internal waves in planetary scale [119, 120]. In particular, with usage of the satellite
UARS the temperature variations with horizontal scales about 100 km were investigated
and the distribution of internal wave activity in the atmosphere at 30 - 80 km has been
found [119]. However, the ground based and satellite measurements were limited in time
and have, mainly, a local character.

RO method lets new possibilities for studying of layered structures and atmospheric waves
in global scale. A feature of internal atmospheric waves consists in smallness of vertical
wavelength as compared with the horizontal one. With accounting for this feature the RO
method is well adapted for observations of vertical structure of internal waves, since its
vertical resolution is many times greater the horizontal resolution. One may detect the
internal waves with horizontal size greater the horizontal resolution of RO method, which,
as indicated in [121], may change from 100 up to 300 km depending on vertical period of
waves. RO sounding of the atmosphere gives a possibility to study global wave activity with
high vertical resolution and accuracy. The first analysis of possibilities of RO method for
obtaining characteristics of the internal waves was conducted with usage of the satellite
MICROLAB-1 data [100, 101, 122]. For each altitude temperature profile obtained from
measurements of the phase path excess of radio waves, the dispersion of the temperature
variations with vertical period from 2 up to 10 km has been determined, and the Brent-
Vaisala frequency y (i.e. the frequency of the free vertical air oscillations) has been found
from the averaged temperature profile. By use of known theoretical relationships valid for
the internal atmospheric waves from dispersion of the temperature variations and known
values of the Brent-Vaisala frequency the seasonal and latitudinal variations of the potential
energy of the atmospheric waves in the altitude interval 15 - 45 km in period 1995- 1997
years were determined with a global coverage [101, 122]. Unlike papers [100, 101, 122], that
only the data of the phase measurements applied for investigation of the internal waves, in
articles [55, 73, 82, 121, 123-125] a possibility for revealing characteristics of layered
structures by use of joint analysis of the phase and amplitude variations of RO signal was
investigated. It was indicated, that analysis of the altitude variations of the signal amplitude
gives an additional possibility for investigation of the atmospheric waves. A technique for
determination of vertical gradients of the refractive index and temperature in the
atmosphere having high accuracy and spatial resolution was proposed and tested.

Let us consider a method and results of determination of the internal wave characteristics by
RO technique. Amplitude and phase of signal react by different ways on the influence of
layered structures and internal waves in the atmosphere. Quantitative estimation of the
influence of layered structures on the amplitude and phase of radio waves may be obtained
from expressions for the phase path and refractive attenuation of the radio waves. In papers
[55, 82, 125] an important connection between the eikonal acceleration, Doppler shift, caused
by the atmosphere, and intensity variations of the RO signal was grounded theoretically
and revealed from an analysis of the radio-hologram, registered with usage of the satellites
CHAMP and FORMOSAT-3. According to these papers, the second derivative of the phase
path excess @ is estimated from the relationships (3.4.15). This connection gives a
possibility to recalculate the eikonal acceleration (or the derivative of the Doppler frequency
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with respect to time) into the refractive attenuation. This connection is important also for
revealing and determination of parameters of layered and wave structures by means of
joint analysis of information, contained in the amplitude and phase channels of the radio-
holograms, since, in accordance with Egs. (3.4.15), the contributions of layers in variations of
the eikonal acceleration and intensity are correlated. Turbulent and irregular structures in
the atmosphere give, as a rule, uncorrelated contributions in variations of intensity and
eikonal acceleration. For revealing of influence of atmospheric layers on the phase path it is
necessary to apply a method of analysis and data handling proposed in papers [82, 125].
Typical examples of variations of the amplitude of RO signal E, normalized relative to the
level of free propagation, are shown in Fig. 4.5.1. The first curve corresponds to the
atmospheric sounding in the Northern part of the Pacific tropical zone, the second is
relevant to the Sachara desert. The third and forth curves characterize atmospheric influence
on RO signal in the Northern and Southern polar areas. The fifth and sixth curves were
obtained during measurements in the moderate latitudes of the Northern hemisphere. The
wave structures having different intensity are seen in Fig. 4.5.1.
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Fig. 4.5.1. Typical examples of vertical profiles of the amplitude of RO signal E, normalized
relative to the level of free propagation.
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The amplitude variations in the tropical atmosphere (curves 1 and 2) are most essential. In
the polar zone the intensity of the amplitude variations are smaller, however, they occupy
greater altitude interval (curves 3 and 4). Amplitude variations in the moderate latitudes
occupy intermediate position relative to the tropical and polar regions (curves 5 and 6). It is
indicated in papers [73, 123-125] how to obtain information on the altitude profile and
vertical period of layered and wave structures in the atmosphere by use of analysis of
variations of the signal amplitude. Influence of quasi-regular structures become apparent
often in the altitude dependence of the amplitude data, corresponding to the tropopause
and lower stratosphere, where these structures have vertical period in the range 0.8 - 4 km
and may be connected with waves, transferring the energy and kinetic momentum through
the atmosphere. Joint analysis of the phase and amplitude variations allows more reliable
identifying of the waves and layers in the atmosphere. Let us consider the results of
measurements that corroborated the connection between the amplitude and phase
variations. The examples of observation of the influence of layered structures in

measurements of the altitude dependence of the refractive attenuation X(¢) and comparison
with results of evaluation of the attenuation X » from the eikonal acceleration are shown in

Fig. 4.5.2. The data shown in Fig. 4.5.2 were obtained during measurements, conducted with
usage the satellites FORMOSAT-3. For evaluation of the refractive attenuation X, from the

phase data the coefficient min Eqgs. (3.4.16) was determined from trajectory data which
contain the coordinates and velocities of the GPS and FORMOSAT-3 satellites. The
correspondence between values of the refractive attenuation X » and X , obtained from the

phase and amplitude data, may be seen in Fig. 4.5.2. Correspondence between the altitude
dependences X and X, seems to be good, if one accounts for only the slow changing

component, describing the gradual increase of the refractive attenuation when the height H
decreases. High-frequency variations of the refractive attenuation, found from the
amplitude and phase data, qualitatively coincide. Amplitude variations of the refractive
attenuation diminish when the height increase, indicating, therefore, the atmospheric origin
of the layered or wave structures. According to Fig. 4.5.2 the vertical period of wave
structures changes in the 1- 4 km interval that is typical for internal atmospheric gravity
waves [100, 101]. Small difference in high-frequency variations may be connected with
influence of the diffraction irregularities and turbulence effects, and also by receiver noise. It
follows from analysis of data, similar to indicated in Fig. 4.5.2, that the relationships (4.5.1)
are fulfilling up to heights about of 30 - 40 km. Therefore the eikonal acceleration is an
informative parameter having the same importance for the experimental data analysis as the
caused by the atmospheric influence the Doppler shift of RO signal. Comparison of
variations of the refractive attenuation, found from the phase and amplitude data, allows
reliable revealing the contribution of atmospheric layers from the background containing
the interferences caused by turbulence and random irregularities. With usage of the
elaborated method it is possible independent determining characteristics of turbulence and
contributions of random irregularities. With usage of the phase data one may correct
systematic errors in measurements of the amplitude, caused by the gain instabilities in the
radio links satellite-to-satellite. A feature of application of the eikonal acceleration technique
consists in a possibility to diminish the influence of a regular ionospheric trend on
restoration of the atmospheric parameters by use of the second differentiation on time.
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Fig. 4.5.2. The refractive attenuation, found from the phase and amplitude data.

Quasi-periodical layered structures, observed in vertical profile of the refractive index
gradient, are connected with influence of internal atmospheric waves [100, 101, 122].
Internal atmospheric waves are characterizing by the amplitude variations of vertical

gradients of the refractive index a, = |d (ON)/ dh| or temperature a, = |d (0T)/ dh|, where

ON and OT are the perturbations of refractive index and temperature relative to their
background values in a given altitude interval. Let us consider in more detail method of
restoration of the wave parameters from measurements of the amplitude variations of RO
signals. For example, the amplitude variations indicated by curve 2 in Fig. 4.5.1 will be
analyzed. These variations may be connected with atmospheric wave structures.

Perturbations of vertical gradients of refractive index d(0N)/dh were determined from the

amplitude variations. Examples of variations of d(0N)/dh, restored from the amplitude
data are indicated in Fig. 4.5.3. A wave structure is clear seen in changes of values
d(0ON)/dh between the altitudes 8 and 40 km. The vertical period of wave structure
increases from 0.8 - 1.0 km between 8 and 25 km up to 4 km between 30 and 40 km
altitudes. Sharp change in d(0N)/dh is observed at the height near 40 km, where breaking
of internal wave occurs. From perturbations of vertical gradients of the refractive index one
may determine variations of temperature and it gradients [125]. Examples of restored
temperature variations and it gradients is shown in Fig. 4.5.4 (left). The vertical temperature
gradient grows from 2 K/km in the 8 - 20 km height interval up to +8 K/km between 30
and 45 km altitudes, the temperature fluctuates from +0.2 - +1.0 K at altitudes 8 and 20 km
up to +4 K between 30 and 40 km heights. The vertical period of the temperature gradients

d(6T)/dh grows from 0.8 km between 8 and 20 km heights up to 4 km in the 35 - 40 km

altitude interval. The most possible source of the observed structures with vertical period
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0.8 - 4.0 km is an influence of the atmospheric wave [100, 101, 122]. If the observed
structures are caused by the wave influence, then, as indicated in paper [116], the
temperature variations may be connected with perturbations of the wind velocity with
usage of the dispersion relationships, fulfilling for the internal gravity waves. The

dispersion relationships connect vertical wavelength A with the internal phase velocity of
the atmospheric waves v,, which may be measured by observer, moving with the velocity,

equal to a background velocity U of the horizontal wind
A =2nv,/w,, v, =|c,-Ucosgp,/|, (4.5.1)

where @), is the Brent-Vaisala frequency, c, is the phase velocity of atmospheric wave,

measured relative to the Earth, ¢, is the azimuth angle between the background wind

velocity and direction of wave propagation [116]. Polarization relationships for waves,
according to paper [110], connect the complex amplitude of temperature variations 67 with

perturbations of the horizontal wind velocity v(/)
v=Relig(ST)(T,w,) '], (4.5.2)

where @, = gT,'T , T =dT, /dh+9.8° K/km, g is the gravity acceleration and 7, is the

background temperature at given height. The dispersion and polarization relationships
foratmospheric waves may be applied when a condition that the wave frequency is greater,

than the Coriolis parameter f,, but many times smaller the Brent-Vaisala frequency @, . The
Coriolis parameter f,is connected with the angular velocity of the earth rotation {2and
latitude ¢ by a relationship f, =2Qsing . From (4.5.2) one may obtain a connection
between vertical gradients dv/ dh and d(6T)/ dh

dv(h)/dh=dRe|ig (5T) (T,w,)")]/dh~Re [ig (T,,)"d(5T)/dh] . (453)

Egs. (4.5.3) is valid under assumption, that 7, and @, are slow changing functions of height

at a scale about of vertical length of atmospheric wave. For determination of variations of
the horizontal wind velocity one may apply the Hilbert transformation [126]. The Hilbert

transformation gives an analytical presentation of function d(67")/ dh
d(ST)/ dh =Re{a, (h)exp[i ©, (W]} , (4.5.4)

where real functions a, (/) and @, (/) are the amplitude and phase of vertical
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Fig. 4.5.4. Vertical profiles of the restored temperature variations and its gradients (left).
Vertical profiles of the perturbation wind velocity (1) and its gradients (2) (right).

temperature gradients. The function dv(h)/dh may be restored by use of Eq. (4.5.3) from
variations d(6T)/dh . These relationships may be applied for estimation of the wind

parameters. Results of restoration of vertical profiles of the perturbation wind velocity and it
gradients are indicated in Fig. 4.5.4 (right). The amplitude perturbations of the wind velocity
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are indicated by curve 1, and change from +0.5 m s1 up to +5.0 m s when the height
increases from 10 km up to 40 km. Corresponding value of vertical gradients of the
perturbations wind velocity changes from +2 ms-lkm up to £8 ms'km, when the height
increases from 10 km up to 40 km. An example of internal wave «portrait», which is

described by vertical profile of the phase @, (%) (curve 1) and amplitude a, (curve 2), is
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Fig. 4.5.5. Internal wave «portrait» consisting of the phase ®, (%) (curve 1) and amplitude
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a, (curve 2) (left). Vertical profile of the internal phase velocity (right).

shown in Fig. 4.5.5 (left). It is necessary to note, that the wave «portrait» may be obtained
from the amplitude variations of RO signals without any assumption concerning a nature or
origin of the atmospheric wave. A sharp change of the phase of atmospheric wave is
observed at the height, where the amplitude of internal wave diminishes below the noise
level and the wave ceases it existence. At the height ~40 km a transfer of internal wave
energy occurs in the energy of turbulent structures. The internal phase velocity of wave v;

may be estimated by means of differentiation of the wave phase ®, (%) . Results of

determination of the internal phase velocity are indicated in Fig. 4.5.5 (right). Value v, (h)

changes in the interval 2 - 16 ms-1. A sharp change of the internal phase velocity near the
height 40 km is connected with influence of a boundary of wave breaking region.

The polarization and dispersion GW relationships can be used to find the horizontal wind
perturbations and kinetic energy of GW as shown formerly in [124]. The GW contribution
can be obtained after subtracting the regular trend from the refractive attenuations X and

X, . Curves 1 and 2 in Fig. 4.5.6, left top panel, demonstrate the refractive attenuations X
and X, evaluated from the eikonal acceleration and amplitude data for the FORMOSAT-

3/COSMIC RO event 0003 (April 22, 2006, 17 h 33 m 40 s LT, geographical coordinates 74.3
N 333.2 W) at the first GPS frequency fi. Smooth curves 3 describe the results of modeling of
the refractive attenuation. The significant correspondence between the refractive
attenuations obtained from the amplitude and phase data is clearly seen in Fig. 4.5.6, left top
panel (curves 1 and 2). This correspondence is excellent when one consider the slow trend
describing the diminishing of the refractive attenuation with height. The high frequency



Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere 77

oscillations in the refractive attenuation found from the amplitude and phase data coincide
quantitatively.

Previously in [66], [125] it has been showed, that the amplitude variations of RO signal can
be used to find the vertical gradient of refractivity dN(h)/dh . Equation (3.4.15) opens a
new way to find vertical gradient of refractivity by the same way as formerly used for the
amplitude data [125]. Variations of vertical gradient of refractivity dN,(h)/dh and

dN,(h)/dh [ N -units/km] found from the FORMOSAT-3/COSMIC RO phase and
amplitude data are compared in Fig. 4.5.6, right top panel (curves 1 and 2, respectively).
There is good correlation betweendN , () / dh and dN ,(h)/dh up to 28 km. Typical values

of vertical gradient variations are of about +0.12 - 0.18 N-units/km, and typical vertical
periods are 0.8 - 2.5 km. Changes in vertical gradients of the refractivity may be connected
with the GW propagating through the tropopause areas and, consequently, may correspond
to the changes in the horizontal wind velocity. At the 28- 40 km, the amplitude and form of
wave structure are sharply changed. This indicates the wave-breaking zone in the 28- 30 km
interval. Note, that existence of the wave breaking zone at latitudes 28-30 km in polar
regions has been predicted earlier in publication [127]. The amplitude of wave structure
diminished by 2- 3 times corresponds to energy dissipation by 4- 9 times. The wave-
breaking effect and the instantaneous radio image of wave-breaking area are obtained by
the FORMOSAT-3/COSMIC mission in the first time in RO practice simultaneously in the
amplitude and phase data. This observation supported the preliminary conclusion, made
earlier in [125], on a possibility to study the wave-breaking areas in the atmosphere by the
amplitude RO method. If the observed wave structures are caused by the GW activity, then
vertical gradients of refractivity can be related with horizontal wind perturbations using the
GW polarization Eqgs. [125]. The horizontal wind perturbations found from the phase and
amplitude data are indicated in Fig. 4.5.6 (left bottom panel).

The altitude profile of the perturbations horizontal wind velocity, determined from
variations of vertical gradients of refractive index with usage a method, described in [83],
are demonstrated in the left bottom panel in Fig. 4.5.6. Curves 1 and 2 describe vertical
profile of the perturbations horizontal wind velocity, found from amplitude and phase data,
they correspond to vertical gradients refractive index, indicated in the right top panel in Fig.
4.5.6. Perturbations of the horizontal wind velocity v are located in interval =+ 2 - 3) ms-
between 28 and 40 km the amplitude and character of variations of the gradients of
refractive index and wind velocity change sharply, that indicates existence of the internal
waves breaking zone at this altitudes.

According to review [110], the perturbations of the horizontal wind velocity v may be
recalculated in the kinetic energy of atmospheric waves E; with usage a relationship

E =v/2 , (4.5.5)

where E; has dimension J kg -1. From Eq. (4.5.5) it follows, that decrease in the amplitude
variations of the horizontal wind velocity by 2 - 3 times corresponds to dissipation energy
by a factor 4 - 9. Potential wave energy may be found with usage of relationships

E =g*(6T)(Tw;) " =g’ (6N)' 2N’ w}) ™", (4.5.6)
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Fig. 4.5.6. Variations of the refractive attenuations retrieved from the amplitude and phase
data. Variations of vertical gradient of refractivity (curve 1 and 2, right top panel). The
altitude profiles of the horizontal wind perturbations (bottom, left panel). The sum of kinetic
and potential energy of wave structure (bottom, right panel). Curve 1 and 2 correspond to
physical parameters, retrieved from the amplitude and phase data. Curve 3 describes the
refractive attenuation corresponding to the standard altitude dependence of refractivity.

where g is the gravity acceleration expressed in m/s?, @, is the Brent-Vaisala frequency
expressed in Hz, 6T and ON are variations of the temperature and refractive index, T'(h)

and N(h) are the background altitude profiles of temperature and refractive index [100,101,

110, 122]. The energy of internal gravity wave is equal to the sum of kinetic and potential
energy
E +E =g'2a’) (6NP’N?+v' /2. 4.5.7)



Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere 79

Variations in the refractive index, SN, may be found by integrating vertical gradients,
presented by curves 1 and 2 in the right top panel in Fig. 4.5.6. Results of energy
determination are indicated in the right bottom panel in Fig. 4.5.6. The main part of the
atmospheric wave energy is concentrated between 22 and 32 km, in this region occurs an
active transfer process of the energy and kinetic momentum between different layers in the
stratosphere. Interpretation of variations of RO signal parameters as a consequence of the
atmospheric wave influence is grounded on results of comparison with measurements,
accomplished by radiozondes [101, 122, 123].

RO method allows carrying out a global monitoring of atmospheric waves and finding the
geographical and altitude distributions of their activity. It is necessary to note, that the
amplitude of RO signal is sensitive to different types of internal gravity waves, and also to
other waves, having small vertical periods. Activity of internal waves expressed as

dependence on the height in the atmosphere will be characterized by the amplitude g(/) of

the Hilbert transformation of vertical gradients of refractive index. In Fig. 4.5.7 examples of
the geographical maps showing the distributions of atmospheric waves intensity with the
amplitude a,, , greater, than 0.6 N- units km!, are presented for period 15 July - 30 July

2003 year, and the heights 14 km (top) and 18 km (bottom). In [124] from results of RO
measurements the detailed geographical distributions of the atmospheric wave’s activity
were obtained. The seasonal features were observed. It was indicated, that in the equatorial
regions at the height 12 km waves activity is practically independent on the season. In the
polar areas there is notable seasonal activity, which is maximal in summer. At the mid-
latitudes of the Northern and Southern hemisphere waves activity has maxima at altitudes
14 km and 16 km. At the altitude 18 km the main energy of internal waves is concentrated
near equator. In Siberia minimum of wave’s activity at the height 14 km is achieved in
winter, and maximum - in summer. In summer 2003 in the Northern Atlantic weak wave’s
activity was observed at the altitude 14 km. This may be caused by low level of
meteorological activity in the troposphere. On the contrary, at the same altitude in the
Northern-eastern part of Asia continent and in the Northern America strong wave’s activity
was observed. Wave’s activity between 20 and 26 km altitude interval is concentrated,
mainly, in equatorial zone. The intensity of internal waves in the equatorial region quickly
diminishes when the height increases, that is connected with decreasing of air density. The
longitude dependence of the internal wave intensity practically is absent. Exceptions are the
maxima of activity in the regions of Northern America and Persian Gulf at the altitudes 20 -
22 km. It follows, that analysis of the amplitude variations of RO signal, passed through the
atmosphere in the communication link satellite-to-satellite, is effective method of detecting
and studying of wave activity on a global scale. The amplitude data have heightened
sensitivity to wave’s structures with small vertical periods, because the amplitude of RO
signal is proportional to the square of vertical period of internal waves [83]. Proposed
analytical method, based on the Hilbert transformation, allows finding vertical distribution
of the amplitude and phase of atmospheric waves from results of measurements of the
amplitude of RO signal, i.e. obtaining “image” of their vertical structure. In addition, in the
case of internal gravity waves the dispersion and polarization relationships allows
determining the internal phase velocity and vertical profile of the horizontal wind
perturbations. The amplitude measurements allows obtaining the geographical distributions
and seasonal dependence of global atmospheric waves activity. For example, analysis of RO
data, obtained during 2003 year by satellite CHAMP, revealed an asymmetry in the
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atmospheric waves activity . Maximum in waves activity was observed in summer in polar
zone at the altitude 12 km. At the mid latitudes of the Northern and Southern hemispheres
waves activity is maximal in the 14 - 16 km height interval. In the equatorial regions the
main intensity of internal waves become apparent at altitudes 18 - 26 km. In some regions,
for example, in Siberia, seasonal dependence of waves activity was detected: in winter 2003
at the altitude 14 km a low wave activity was observed, and in summer 2003 wave activity
was high.

K
N 14 km

Fig. 4.5.7. Geographical distributions of atmospheric waves intensity with the amplitude a,,
greater, than 0.6 N- units km-!
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4.6 . Measurements of radio wave propagation effects:

refraction, absorption, and diffraction

Effects of radio waves propagation are important for global real-time monitoring of the
troposphere, stratosphere, and ionosphere, and for estimating conditions for
telecommunication in trans-atmospheric satellite-to-satellite links. The atmospheric
influence introduces the phase delay (or the phase path excess relative to the phase path in
free space) and Doppler shift in the carrier frequency of the radio waves. Certain physical
phenomena can attenuate the intensity of radio waves by refractive spreading (the refractive
attenuation effect) and atmospheric absorption losses (the total absorption effect) as they
propagate through the atmosphere. The atmospheric absorption losses at GPS frequencies
are caused mainly by atmospheric oxygen [128]. The radio occultation technique is an
effective tool for the investigation of radio wave propagation effects in the trans-
atmospheric links and for remote sensing of the earth’s atmosphere and ionosphere at
different altitudes with global coverage [16, 37, 48, 52]. The general relations for changes in
Doppler shift, phase, amplitude, bending angle, and absorption have been developed in
[22]. Significant RO investigations of the radio wave’s propagation effects began in Russia in
1990 with the use of the MIR orbital station and two geostationary satellites [29-31]. Radio
links of the Ku (A =2 cm) and the UHF radio band (A =32 cm) with transmitters of
increased power and antennas with high directivity were used. For many years analysis of
the Doppler shift variations remained the only one practical way to obtain vertical profiles
of the bending angle, impact parameters, and refractivity by use of satellites trajectory data.
In recent years new radio holographic techniques based on combination of the RO
amplitude and phase data have been considered, such as Fresnel diffraction theory [129-
132], synthetic aperture method [69, 133, 134], radio-holographic focused synthetic aperture
(RHFSA) [65, 70, 73, 74, 98, 135], canonical transform [79], and the Full Spectrum Inversion
(FSI) method [75]. These studies improved vertical resolution and accuracy in retrieving of
physical parameters of the atmosphere and broadened the applicability domain of RO
method. This method may be applied also to identify the contribution of layers in the
atmosphere and ionosphere and to estimate the total atmospheric absorption. The
absorption measurements are planning for future RO missions [87] to determine with high
vertical resolution the water vapor abundance at different altitudes in the stratosphere and
troposphere. A differential Canonical Transform/Full Spectrum Inversion (CT/FSI)
technique was proposed to retrieve absorption in X/K band, 9-22 GHz [88]. At decimeter
wavelength band the total absorption effect in the trans-atmospheric telecommunication
link orbital station MIR- geostationary satellites was measured at frequency 930 MHz [31].
In this experiment the refractive attenuation has been excluded by use of the phase and
Doppler frequency data. A possibility to separate the absorption term and to measure
absorption in the atmosphere in X/K band by use of a spectral phase matching method
(SPMM) and Fourier Integral Operators (FIO) has been detected in [76, 77]. The authors of
[76, 77] demonstrated how the second derivative of the phase on time can be used for
excluding the refractive attenuation from an amplitude function of the SPMM and FIO
spectra. However, as described in detail [77], there exist significant difficulties to measure
the atmospheric absorption of radio waves by FSI and other radio holographic methods
based on a Fourier operator. An important connection between the eikonal acceleration,
Doppler shift, phase, and intensity variations of RO signals has been revealed by theoretical
considerations and experimental analysis of the ionospheric parts of the RO radio
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holograms [55,82,83,136-138]. They introduced an eikonal acceleration technique which
gives a simple way to convert the phase data into the refractive attenuation. This is useful
for estimating the total absorption of radio waves in atmospheric communication links. In
this section the eikonal acceleration technique is validated by use of the CHAMP GPS data,
and a method for identification of layered structures in the atmosphere and ionosphere is
presented. New relationship between the bending angle and refractive attenuation is
presented. A possibility to measure the total absorption of radio waves at GPS frequency by
use of proposed eikonal acceleration technique is considered.

4.6.1. Identification of layered structures and estimation

of the refractive attenuation from the phase data

The geometry of the GPS radio occultation experiment is shown in Fig. 3.4.1. The radio
waves emitted by a GPS satellite (point G) are propagating to a LEO satellite (point L) along
the ray trajectory GTL, where T is the ray perigee. The projection of point T on the surface of
the Earth determines the geographical coordinates of the RO session. Connections between
the eikonal acceleration @ and refractive attenuation X of radio waves have been detected

in [55,82,83] (Egs. (3.4.15)). Egs. (3.4.15) connect the refractive attenuation X (7), derivative

2
of the Doppler frequency F, on time and the eikonal acceleration a, = dj’ = a;CZI) via a
t t

relationship similar to classical dynamics equation. Eqs. (3.4.15) are based on an exact
formula for the refractive attenuation found from an energy conservation principle [53], and

are valid in general case of strong refractive effect. Parameters m and dp, /dt may be

evaluated from the orbital data. Therefore, Egs. (3.4.15) give a possibility to convert the
eikonal acceleration a, and/or Doppler shift F, to the refractive attenuation X, . Another

d
important equation is valid for derivatived—fand followed from a 2-D formula for the
t

refractive attenuation X,
1 d&_ dé (dpY
Xa e —————1 y — = — ] — ,
1_g%¢ dp  X,dr\ di
J— q - a
dp

de _(x, - .

4.6.1
dt qdt ( )

A ratio X of the intensities of radio signal propagating through the atmosphere, [, (¢) , and
free space I, (Eq. (3.4.18) is equal to product of the refractive attenuation X ,, absorption

losses Y, and may include technical instabilities. Comparison of values of X, and X,

(curves 1 and 2) in the altitude interval 5-30 km are shown for CHAMP RO event 0033 in
Fig. 4.1.2. The standard dependence of the combined atmospheric refractive attenuation and

absorption is indicated in Fig. 4.1.2 by curves 3. To obtain the refractive attenuation X, the
eikonal acceleration a, has been estimated as a second derivative of the phase path excess
with respect to time ¢ over a fixed time interval Az, which was equal to 0.42 s. Values X,

and X, change in similar manner in the stratosphere (Fig. 4.1.2). This identifies a common
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origin of the phase and intensity variations of RO signal as a contribution of layered
structures in the atmosphere and ionosphere. As a further identification step a possibility to
locate layers in the atmosphere and/or in the ionosphere may be examined. In the absence
of noise and absorption parameter m may be evaluated from (4.6.1), and then the distance
d, can be estimated from the relationship (3.4.21), (3.4.22). Then it is possible to determine
1/2

the displacement d =d,, —(R,” — p.*)
of determination of the parameter m , displacement d , and corrected layer’s height 4 are
given in the Table 4.6.1 as functions of the altitude H of ray perigee T. Data indicated in the
Table 4.6.1 correspond to CHAMP GPS RO event Ne 0033. Values X, X, calculated from

the amplitude and phase data, and estimated values of parameter m are indicated in the
second, third, and sixth columns in the Table 4.6.1 in the altitude interval of 9.26-9.36 km.
The displacement 4 and an estimated value of the layer’s altitude / are indicated in the
forth and fifth columns of the Table 4.6.1, respectively. The displacement d is changing in
the 6 to 40 km interval and corresponding corrections to the altitude H are about 0.1-0.2 km
in average. These results confirm location of the atmospheric layers near the ray perigee T.

of a layer relative to the point T (Fig. 3.4.1). Results

H, km X,, X, d , km h, km o° m,s?/m
9.36 0.32461 0.29659 -5.35 9.36 —0.046 0.43083
9.35 0.32266 0.29152 498 9.35 0.044 0.43308
9.33 0.32062 0.28662 14.4 9.35 0.128 0.43515
9.32 0.31833 0.28197 22.3 9.36 0.200 0.43687
9.31 0.31594 0.27761 29.0 9.37 0.258 0.43831
9.30 0.31341 0.27354 34.2 9.39 0.306 0.43945
9.28 0.31069 0.26984 37.7 9.40 0.338 0.44021
9.27 0.30773 0.26645 39.6 9.40 0.354 0.44060
9.26 0.30407 0.26334 38.5 9.38 0.344 0.44035

Table 4.6.1 Displacement d in the neutral atmosphere

4.6.2. Determination of total absorption
Note that the refractive attenuation X (¢) in Egs. (3.4.15) depends only on the atmospheric

refraction effect and ignores the atmospheric absorption. Usually the parameters m and
dp, / dt are known from orbital data because location of the spherical symmetry center O

and its projection on the line of sight- point D - are known, and the distance GD =d, and
DL =d, can be easily estimated from trajectory data. Therefore, Eqs. (3.4.15) open a
possibility to convert the eikonal acceleration a, and/or Doppler shift F, to the refractive
attenuation. The refractive attenuation X, is determined via Eq. (3.4.18) from the amplitude
data as a ratio of intensities of radio signal propagating through the atmosphere, [ (¢), and

free space, I, . The experimental value X, is the result of the contributions from refraction

and absorption effects. This provides a possibility to determine the total atmospheric
absorption Y(#) as the ratio where X (7) is the refractive attenuation of radio waves
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recalculated from the phase data. The estimated value X, (¢) contains only the contribution

from refraction effects. Therefore Egs. (4.6.2) and (4.6.3) allow one to exclude the refractive
contribution and to estimate the contribution from the total absorption.

Y1) =X,0)/ X,(1t), (4.6.2)
with
dF
X,=1-ma, =1-m d;’ , (4.6.3)

Analysis of the CHAMP RO data indicates that the relationship (3.4.15) is correct. A typical
example from RO session 0096 conducted on November 20, 2003, is shown in Fig. 4.6.1.
Vertical profiles of the atmospheric phase path excesses measured at frequencies L1 and L2
are indicated on a logarithmic scale by curves 1 and 2 (left panel). For convenience an
artificial bias of 1 m was introduced into the phase path excesses. The phase path excesses
L1 and L2 change from 2-5 m at 110 km to 1000 m at 1 km height. Curve 3 describes the
altitude dependence of contribution of the neutral atmosphere, isolated from the
ionospheric impact by use of linear combination of the phase path excesses L1 and L2. This
neutral atmosphere phase path excess changes over a broad dynamic range from 1 mm at 75

km to 1 km near the earth’s surface. In contrast, the refractive attenuation X, changes in a

steep dynamic range from 0.05 to 1.1 over the height range 4 km to110 km (curve 1, right).
Despite this difference, the relationships (3.4.15) bring to light an intrinsic connection
between the phase path excess and intensity of RO signal.
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Fig. 4.6.1. Vertical profiles of the eikonals measured at frequencies L1 and L2 and
recalculated by use of ionospheric correction (curves 1,2, and 3, respectively, left panel).

Vertical profiles of the refractive attenuations X, and X, computed from the amplitude and

phase data (curves 1 and 2, respectively, right panel).
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This may be seen from comparison of the refractive attenuations X, and X, computed from

the amplitude and phase data (right, curves 1 and 2). In order to convert the phase data
according to equation (3.4.15), the eikonal acceleration a, has been estimated numerically

as the second derivative of the phase path excess with respect to time ¢ by use of a fixed
time interval value of Af =0.42s for differentiation. As a result of differentiation the high
frequency noise level increases. This effect is seen in Fig. 4.6.1 (right). The relationships
(3.4.15) widens the applicability domain of RO method. In particular RO method can be
applied for estimating the total absorption of radio wave in the atmosphere. Vertical profiles
of the total absorption of radio wave in the atmosphere are shown in Fig. 4.6.2 for five
CHAMP RO measurement sessions conducted on November 20, 2003. The sessions 0131 and
0175 correspond to polar and mid latitude areas in the Southern hemisphere (panels a and
c); session 0187 refers to an equatorial region (panel b). The session 0096 was carried out in
area of mid latitude in the Northern hemisphere. Therefore these measurements represent
conditions of radio wave propagation in all typical regions of the Earth. The refractive

attenuations X, and X recalculated from the amplitude and phase data using Egs. (4.6.2)

and (4.6.3) are shown on the left panels (curves 1 and 2). The smooth curves 3 indicate
dependence of the refractive attenuation corresponding to the exponential altitude profile of
the refractivity in the atmosphere with accounting for the total path absorption effect
calculated by using the theoretical and experimental results [128] for decimeter-range radio

waves. Excellent correspondence is seen between the refractive attenuations X, and X,

changing from 0 dB at 40 km to —10 dB and —15 dB at 5 km. There exists also a good
correlation between the high-frequency part of variations in X, and X, . However in Fig.

4.6.2 (left, c) good correspondence between the high-frequency part of variations in X, and

X , exists only over an interval 5-20 km. Above 20 km the high-frequency variations of the

refractive attenuation X are significantly greater than those of X, . This may be connected

with a possible effect of transmitter-receiver instability and/or with ionospheric variability .
Most probable cause is influence of the polar ionospheric plasma structures originated due
to an impact of the intense geomagnetic storm occurred on November 20, 2003. The
magnitude of the scintillation index S; equaled 13.7% in the polar session 0131. The
magnitude of the scintillation index Sy was 5.5% (middle latitude, session 0096, left panels,
a), and 4.8% in the equatorial area (session 0187, left panel, b). These values for the
scintillation index S;are higher than those for quiet ionospheric conditions when S;changes
mainly between 1% and 2% due to influence of the receiver noise. Therefore the
geomagnetic storm introduced significant contribution in the amplitude and phase
variations of RO signal which is clearly seen in the polar regions of the Earth.

Apparent connection between the refractive attenuations restored from the amplitude and
phase variations is useful for estimating the altitude dependence of the total absorption in
the atmosphere. This dependence is demonstrated by the rough curves 1 in Fig. 4.6.2 (right
panels). The smooth curves 2 correspond to the total absorption due to atmospheric oxygen
calculated according to techniques described in [29, 128]. Theoretically, influence of the
atmospheric oxygen is noticeable below 10-15 km. Experimental data qualitatively support
this theoretical suggestion. Below altitude 8 km experimental data indicate additional
attenuation as compared with theoretical dependence. Also influence of additional
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absorption in clouds and water vapor may be important below 8 km. For quantitative
estimation of small absorption values in the decimeter frequency band it is necessary to
apply averaging for analysis of the experimental data.
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Fig. 4.6.2. The refractive attenuation and total absorption of radio waves in the atmosphere.



Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere 87

To obtain smoothed dependence Y (/) the vertical profiles of X, (h)and X ,(h)have been

approximated by polynomials using a least square method. In Fig. 4.6.3 vertical profiles of
the refractive attenuation approximated X, (), X, (), and absorption Y (/)are shown by
curves 1-5 and 6-10, respectively, for five CHAMP RO measurement sessions conducted in

November 20, 2003. For convenience an artificial bias of 0.2 was introduced in consecutive
order into the curves 2-5, 6-9, and B. Dashed curves A and B correspond to vertical profiles

of X (h)and Y(h)evaluated from standard atmospheric model. The total absorption due to
atmospheric oxygen Y (%) has been calculated by use of technique described in [128]. At the
altitudes between 12 and 30 km vertical profiles X, (4)and X (k) are nearly coinciding and
have good correspondence with the standard profile (curve B). Below 12 km altitude they
begin split (e.g., curves a and p) at different heights. The splitting exists practically in all
RO events. Difference in the splitting altitude may be connected with an amplitude
instability. The splitting obviously indicates an influence of the atmospheric total
absorption, which in average is near to values (curves 6-10 and curve B), described in [29-31,

128]. Absorption is changing between 0-30% in the altitude interval 12 - 5 km (Fig. 4.6.3,
curves 6-10). Value of the amplitude instability error in measured absorption is estimated as

+ 20% from maximal value. The described results indicate a possibility of the RO total
absorption measurements at GPS frequencies.

I I I I | 'lﬂl

1.0
0.8
-~ 0.6
0.4

0.2
0.0

0.8
k. Q.‘ —
- 0.6 ==7781.5 N 301.2 W(5,10)—]
423 N3191W (4,9)
oz 04 28,9 N 260.1'W (3,8)
" an 68.3 N245.7W (2,7) 7]
0.2 - 277N 233.5W (1,6) ]
0.0 1 I 1 I 1 I 1 I 1
5 10 15 20 25 30

height [km]
Fig. 4.6.3. Vertical profiles of X (), X ,(h), and Y(#) (CHAMP RO data). Inserts indicate

the geographical coordinates of investigated regions.

In this section two connections between the eikonal acceleration, derivative of the bending
angle with respect to time and the refractive attenuation variations is validated by means of
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the theoretical consideration and experimental analysis of data registered during CHAMP
mission. These connections give a possibility to convert the eikonal acceleration (or time
derivative of Doppler shift) into the refractive attenuation, and allows one to measure the
total absorption of radio waves in the trans-atmospheric communication links. The eikonal
acceleration technique may be used to identify and locate layered structures in the earth’s
and planetary atmospheres and ionospheres including the case of significant horizontal
gradients. In some instances it is possible to establish the location, height, and inclination of
Es structures in the ionosphere from a single RO vertical profile. It follows from our analysis
that the refractive attenuations restored from the amplitude and phase variations are useful
for estimating the total absorption, recognizing layered structures in the atmosphere and
revealing the systematic errors in the amplitude data.

4.7. Investigation of radio wave fluctuations

and small-scale atmospheric irregularities

The fluctuations of the refractive index on(r,t) are always present in the atmosphere. These
fluctuations are affecting on radio waves propagation. Movement of radio ray through
realization of a random function dn(r,¢) introduces oscillations of the amplitude and phase.
Solution of problem of wave propagation through inhomogeneous medium contemplates an
ascertainment of connections between the statistical characteristics of the field of random
function On(r,t) and statistical parameters of wave. In the beginning let us to introduce the
initial statements, and then to describe according to the monograph [139] the basic results of

the theory of wave propagation in a random inhomogeneous medium.
Let us remind the main definitions and relationships between the statistical characteristics of

the fluctuations on(r,t) : spatial correlation function B, (p), structure function D, (p) and
spatial spectrum @ _(K). Let us assume, that the fluctuation’s field dn is isotropic and
stationary, i.e. B (p), D, (p) and ®_(K)do not depend on the direction and time. Spatial

correlation function of the fluctuations of refractive index may be determined by the next
way

B, (p)= <5 n(r.t)-6 n(rz,t)> , (4.7.1)

where r1 and r; are the coordinates of two points C; and C,, pis the distance between C; and
Cy, and the brackets ( ) signify averaging on different realizations on . In Eq. (4.7.1) the
fluctuations dn have in average zero value, since a smooth trend of refractive index may be

excluded. From (4.7.1) it follows, that B_ (p = 0) is equal to the dispersion of fluctuations of

refractive index o,>, and B, (p — o) =0. Correlation function B_(p) characterizes the

statistical connection of fluctuations on in the points C; and C,. If irregularities are caused
by developed turbulence, then

2/3
B =o? |1- P when p<A_, 472
n p n p m
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where A _is the external scale of irregularities. By applying the correlation function B, (p),

one may introduce the effective scale of irregularities
A.=0, [B,(p)dp . (4.7.3)
0

2
If B, corresponds to Eq. (4.7.2), then effective scale is equal to A, =—A . For statistical

description of the field én one may apply also the structure function D,, which may be
determined as D, (p) = <[5 n(r,0-8n (rz,z‘)]2> .

If fluctuations of the refractive index may be considered as isotropic and stationary, then
usage of function B, (p) or D, (p) is limited only by convenience of calculations, they are

connected in this case by a linear relationship. The structure function in many cases may be
satisfactorily approximated by a power function

D,(p)=C,p" . (4.7.4)

In the case of turbulent gas g=2/3. The structure function (4.7.4) corresponds to the
correlation function (4.7.2) when g=2/3. Dependences (4.7.2) or (4.7.4) are valid, if the

distance p is limited by inequality A, >> p >> A, where A is a small internal scale.
Parameter C, is the structure characteristic of the refractive index fluctuations, it is
connected with dispersion &, and external scale A__; if g=2/3 then

C:=20. A", (4.7.5)

Spectral approach is effective for description of the field fluctuations on . If the arbitrary
direction OX is selected in a medium then because isotropy and homogeneity of the field
on the random function of the variables x and t may be obtained, and one will have the

corresponding correlation function B, (p), where p =x, —x,. The correlation function B
corresponds to 1-dimensional spectrum of the refractive index fluctuations V_ (K ). The

function B, (p) and 1-dimensional spectrum V (K) are connected by the Fourier-

transformation
B,(p)= [ cos (K,p) V,(K,) dK, , (4.7.6)
| =
vV, (K,)= ZJ.COS (K,p) B,(p) dp . 4.7.7)

Here K = 272'/\;1 is the wave number of irregularities in the medium, and A, is the

corresponding horizontal scale. The spectrum V, (K ) describes distribution of the intensity
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of fluctuations JOn as function of the spatial scale A . The 3-dimensional spectrum ®_(K)

of the fluctuation’s field on is determined by means of generalization of (4.7.7) upon three
space coordinates

OH(K):( 1)3 j]o [cos (Kp) B, (p) dxdydz, (4.7.8)
2r -

where Kp=K, p +K p +K, p,, K*=K’ +Ky2 +K ?, K=27A""is the spatial wave

number, A is the spatial scale. If the field d7n is homogeneous and isotropic, then one may
conduct in (4.7.8) the integration in the spherical system on the angular coordinates and
arrive to the more simple connection between B and @

0,(K) =27+2K ! p By (p)sin(Kp) dp @79

The next connection exists between the 1-dimensional and 3-dimensional spectrums

@, (K)=- I dV.(K) , (4.7.10)
" 2z K dK

which allows finding the 3-dimensional spectrum @, , if the 1-dimensional spectrum of the

fluctuations of the refractive index V, is known. By letting in (4.7.6) p = 0 one obtains the

relationship connecting the dispersion of the refractive index fluctuations o> with the 1-

dimensional spectrum of irregularities v,

o, =B,(0)=2 [V,(K) dK . (4.7.11)

A connection of the dispersion o’ with the 3-dimensional spectrum @, is determined by

the next formula

o, =B(0)=4x TKZ P, (K) dK . (4.7.12)

The lower limit from the formal point of view is equal to zero in (4.7.11) and (4.7.12);
actually the spectrum ®,(K) is known only for K=K, From (4.7.7) it follows, that if the
correlation function is presented by the relationship (4.7.2) the spectrum is equal to
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r(5/3
v, (K)= (27[ ) gin (%} K", (4.7.13)

where T is the gamma-function. Since K = 27A7", then from Eq. (4.7.13) it follows, that the
spectral density v, has the maximal values in the range of large scales of the irregularities,
and for high-frequency part of spectrum, when A — 0, one has V, — 0. Theory of random

function contends, that if the structure function D may be presented by a power function

(4.7.4), then the spectrum ®, also will be a polynomial: ®_ ~K “*?  In the case of

developed turbulence, when presentation of the structure function by Eq. (4.7.4) where
g=2/3 is valid, one obtains the 3-dimensional Kolmogorov’ spectrum

®,(K)=0.033C} (K +K2) ", (4.7.14)

n

where K =27A . One may apply general expression (4.7.12) to find the dispersion of

fluctuations o,* and Eq. (4.7.14) to define the spectrum of irregularities and determine
connection between C and o, ; in the case of the Kolmogorov’ spectrum one may obtain
the relationship (4.7.5).

Spatial spectrum of the refractive index fluctuations @ (K) depends on the physical

processes, begetting or cancelling the fluctuations on . Experimental investigations
indicated that, despite the difference of these processes, it is possible to get an approximated
analytical presentation of the spectrum @, , which is valid for different media. It is turned

out, that for a large interval of changes of the spatial wave number this spectrum may be
approximated by the functions

_ 2 2 2 \79? _K2
®,=0033C (K*+K}) " exp | (4.7.15)

or

®, ~ 0.033C> (K*+K2) ", (4.7.16)

where ¢ is the index of the 3-dimensional spatial spectrum of fluctuations on ,
K, =27A." and K, =27A,'. Approximated relationship (4.7.16) corresponds to the large
part of spectrum, where K <K . The conditional external scale A depends on the
processes, begetting the statistical irregularities of a medium, and the scale A, is connected
with the phenomenon of cancelling the irregularities and leading to the sharp decrease of
the spectral density @ when K >K, . The scales A and Ao distinguish strongly for
different media, however the index of spatial spectrum ¢ changes in a short range.

Investigation indicated, that the spectral index g for the troposphere is near to the theoretical
Kolmogorov’ value g =11/3, corresponding to a medium with developed turbulence [139].

For the stratosphere the spectral index may differ from g =11/3 because of influence of the
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wave phenomena on formation of the spectrum ®_(K). In addition irregularities may be
anisotropic in the stratosphere: the horizontal scale is usually many times greater of vertical
sizes of irregularities. Since the spectral density of fluctuations when A <A is small, then
this part of spectrum does not get any notable influence on fluctuation’s characteristics of
radio waves; therefore one may conclude that approximated spectrum (4.7.16) is valid also
for small scales. When A > A the spectrum @ becomes uncertain, and irregularities are
always strongly anisotropic, therefore effect of influence on radio wave of the large-scale
irregularities, with the sizes greater the external scale A is difficult for analysis.

If radio ray is moving in a medium, then in the different instants of time ¢t the different
realizations of on(r,t) will intersect the radio ray and, in general case, one should consider
the complex temporal-spatial statistical relationships. One may avoid these difficulties, if
suppose, that a statistically inhomogeneous medium during some time interval A7 remains
invariable or «frozen». This «frozen» hypothesis is valid, if the irregularities having the scale
A are intersecting by radio ray during the time A# = Av™', which should be significantly
smaller the time of essential changes of these irregularities. In problem under consideration
this condition takes place always. In the simplest case the statistically inhomogeneous
medium is intersecting by the velocity vector v perpendicularly to the direction of radio
wave propagation LG. Under assumption of «frozen» irregularities the fluctuations o7 in a

point with coordinate y in the time instant t coincide with fluctuations in the point (y —vt)
in the time instant # =0 (Fig. 4.7.1). Hence, the condition of «frozen» irregularities may be
presented by equation on(r,t)=0Jn(r—vt,0) . This relationship allows avoiding the
consideration of the complex temporal-spatial statistical laws that are guiding variations of
the field Jn and allows usage of the medium characteristics B, and @ .

Let us consider a connection of fluctuations dn with random changes of the atmospheric
temperature 67, . From (2.1.3) the next relationships may be obtained

Sn=—y PT>8T or o.=y P'T" o, 4.7.17)

a

where o’

. is the dispersion of the temperature fluctuations, y =77.6 if the pressure F, is

expressed in millibars, and temperature T is measured in Kelvin. Influence of the humidity
fluctuations does not be accounted for in Eq. (4.7.17). This influence may be significant in the
boundary layer of the atmosphere.
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Fig. 4.7.1. Geometry of problem of radio wave propagation through irregular medium.

Let us consider results of theory of wave propagation in the statistically inhomogeneous
media. Let us suppose for simplicity that the width of an inhomogeneous medium along the

wave propagation direction is equal to AX. Then the dispersion of the phase fluctuations

O'; according to [139] is determined by relationship
%2 =87° A0 A AX, (4.7.18)

where A is the effective scale of irregularities determined by Eq. (4.7.3). In the case when
Egs. (4.7.2) and (4.7.14) are valid A, =2/5A . If the structure characteristic Cy, is used then

according to (4.7.5) the next equivalent expressions should be introduced instead of o,

, léz*
o, = I o, A, AX, (4.7.19)
2
o = Z _NA, T AX. (4.7.20)

As follows from theory the frequency spectrum of the phase fluctuations is described by the
power function

A

O, ~F ™, (4.7.21)
m=q-1, (4.7.22)
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where F is the frequency of fluctuations which is connected with the velocity v of medium
intersection by the radio ray owing to the approximated relationship F =A"'v, and ¢ is

the index of the spatial spectrum of the refractivity fluctuations. From Egs. (4.7.19) or
(4.7.20) it follows, that oy is inversely proportional to the wavelength and depends, mainly,

on the large-scale component of spectrum of the refractivity fluctuations. It is necessary to
note that these relationships, describing the phase fluctuations, are valid, if the scale of
irregularities A is smaller the external scale A .

According to [139] the dispersion of the amplitude fluctuations o corresponds to the

developed turbulence and may be expressed by the relationship when ¢ =11/3

5/6

)
c2=0568" 1L, j C2(0 [x (@, -x] dx , (4.7.23)
0

here kx =27/ 4, L, is the length of the distance LT (Fig. 2.1.1). If irregularities are located
in the layer having the width AX, then it follows from Eq. (4.7.23)

5/6

. LL

07=0568" N? Ax | —=| , (4.7.24)
L,+L,

where L, =LT, Lg = QT are the distances from receiver and transmitter from the
turbulent layer, respectively (Fig. 4.7.1). It follows from Eq. (4.7.24), that the dispersion of
the amplitude fluctuations depends on the distances L,and L, and is increasing with the
wavelength decreasing according to the law o’ ~ A27°. It is indicated in [139], that the
frequency spectrum of the amplitude fluctuations @ (F') has two characteristics regions:
when the frequency of fluctuations /' < F, the spectral density is independent on frequency,

and when F > F, the spectral density is diminishing with increasing of the frequency of

fluctuations according to the power law
o ~F", (4.7.25)

where m is connected with the index of the spatial spectrum of the medium irregularities g
by Eq. (4.7.22). The characteristic frequency F;depends on the size of the first Fresnel” zone,

ieonL, L, A and velocity v

L+, 1"
F=v|l——2% | . (4.7.26)
2r AL, L,
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Theory of the amplitude fluctuations is valid for the relatively small intensity of fluctuations
o,< 06. It follows from considered relationships describing the dispersions of the

amplitude and phase fluctuations, that g, or o, may be employed as the characteristics of

intensity of small-scale atmospheric irregularities, and the spectra @, and @, give an

information concerning the features of the spectrum of the refractivity fluctuations @ .

Let us consider below the scheme of radio occultation of the statistically inhomogeneous
atmosphere in the communication link satellite-to-satellite indicated as the straight line LG
in Fig. 4.7.1. The straight line LG has at point T the minimal height H relative to the earth
surface. Irregularities, located on the radio ray LG in an arbitrary point C, have the different

heights /4 and therefore it is necessary to account for dependence o, (h) or C, on the
height. Having analogy with papers [140, 141], where the different dependences of o (/)

were considered, let us suppose, that in the earth’s atmosphere the fluctuations o’ are

diminishing with height according to an exponential law
o’ =0, exp(- 2h), (4.7.27)

here o is the dispersion of refractivity fluctuations near the earth’ s surface. Since the
irregularities, located on the radio ray LG, are independent, then o ” and o, may be found

by means of integration of the right parts of Egs. (4.7.19), (4.7.20) and (4.7.24) along the radio
ray. Let us introduce the coordinate axis OX with center in the point T as is shown in Fig.
471 and to conduct the integration with accounting for dependences (4.7.27) and
relationships (4.7.5)

12
167° Ta
o) = e Am(—BJ o, exp [-2 BH], (4.7.28)
2 A6 on | T a " Lng B 2
c’=8" A o, exp [-2 BH], (4.7.29)
& L,+Lg

where H is the minimal altitude of radio ray found with accounting for the refraction of
radio waves, and (zaf')"? is the width of a conditional «layer» of a statistically
inhomogeneous medium, which causes the same fluctuations as a spherical symmetric

inhomogeneous medium. The altitudes in the atmosphere are many times smaller the Earth
radius a, and, therefore, an approximated equation can be used

x ~[2a(a- H)]”2 .

Let us go to description of results of experimental investigations of radio waves fluctuations
and atmospheric irregularities. These investigations were accomplished with usage of the
communication links orbital station MIR- geostationary satellites and GPS— Microlab[142-
145]. The amplitude fluctuations of centimeter radio waves will be analyzed at first
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following to papers [29, 142-145]. Experiments were conducted by the next way: radio
waves with wavelength 4 =2 cm were emitted by the orbital MIR station and passed
through the atmosphere. Radio waves were received onboard of a geostationary satellite
and then were retranslated to the ground based station, where the registration of signal was
provided . Measurements series contain 6-8 sessions and were carried out during different
seasons of year, daytime and above different regions with usage of two geostationary
satellites: the first satellite was located in Western hemisphere, and the second one — in
Eastern hemisphere. The orbital inclination of MIR station equal to 52° allows providing RO
sounding of the atmosphere in the Southern and Northern hemispheres in the latitude
interval 0-52°. Investigations were accomplished above the Indian Ocean, above the
Northern part of the Pacific Ocean and also above Kazakhstan. When analyzing the
amplitude fluctuations it is necessary to know the distances L; and L, of the investigated
region of the atmosphere from transmitter and receiver, respectively. The distances L; and Lg
have the next values: L;=2,100-2,500 km and L,=41,700 km. Knowledge of the velocity of the
irregularities transfer across the communication links is required for analysis of spectra of
the amplitude and phase fluctuations. Since the geostationary satellites are motionless, the
irregularities transfer occurs because of movement of the MIR station.

The ray line GL is always located in the plane passing through transmitter, receiver and the
earth” s center. Therefore, the transfer velocity of irregularities in an arbitrary point of radio
ray GL may be determined, if the components of the MIR station velocity perpendicular to
ray GL are known: v; in the plane of Fig. 4.7.1 and v, in the perpendicular plane. The
component v, in these experiments variated in the 1.4-2.4 km/s interval, and component v,
changes from 1.3 km/s up to 4 km/s. During the first stage of data handling dependence
E(t) on time was transformed to dependence on minimal height of radio ray E(H). Then at

50-70 km altitudes, value FE, corresponding to the field strength in free space, was
determined, and the normalization E/E, was provided. Altitude dependences of the
dispersion and spectrum of the amplitude fluctuations o> and ®,(F) were determined from
analysis of JF fluctuations. The number of samples of the field strength £ depended on
the time lag Ar, which was used for determination of the dispersion o . The time lag was
selected from condition that for the time Af the altitude H changes by 2 km, and the

corresponding number of samples used for evaluation of o changed from 150 during the
stratosphere sounding up to 2000 during the sounding of the lower part of troposphere. The
spectrum of the field strength fluctuations @ (F') was determined from results of
measurements during the time Af =2-7 s, corresponding to the 3-17 km altitude intervals.
Obtained values of ® (F) was smoothed by use of rectangular window having the
constant quality-factor ¥ / AF =2.

The typical altitude dependences of the field strength of centimeter waves are indicated in
Fig. 4.7.2. Curve 1 and curve 2 characterize dependences E(/), obtained, respectively, on
26.09.1996 and 29.09.1996 during immersion of the MIR station into the radio shadow. The
median value of the field strength is diminishing and simultaneously the fluctuations
caused by the atmosphere begin to appear. Dependences E(/1) in Fig. 4.7.2 present typical

picture of radio wave fluctuations having strong spikes owing to the focusing effect and
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deep fadings. Because a variety of meteorological conditions dependences E(H) were
separated in two qualitatively different groups. In the first group the data, where the
sharply expressed regular changes of E(/7) in the tropopause region at the altitude interval
H ~9-13 km are observed, were included; curve 1 in Fig. 4.7.2 is relevant to this group

Measurement sessions with heightened level of random fluctuations at the altitudes greater
13 km and absence of the strong focusing effect in the tropopause region were consolidated

in the second group. Typical dependence E(H) corresponding to this group is indicated in
Fig. 4.7.2 by curve 2.

| | | | | | [ | E
3
e A e
— 0.4
— 0.2
E 0.0
1.2
1.0 Fwrihdisin
0.8 -
0.6
0.4
0.2
0.0 | | | I |

0 5 10 15 20 25 30 H, km
Fig. 4.7.2 Typical altitude dependences of the field strength of centimeter waves.

Quantitative characteristics of fluctuations are presented in Fig. 4.7.3 and 4.7.4 by values of
the root mean square (rms) amplitude deviations o, for different altitudes H. Values o,
obtained by means of analysis of dependences E(H) for six measurement sessions relevant
to the first group are shown in Fig. 4.7.3. One may see in Fig. 4.7.3 strong spread in values of
o, at the 0.5-15 km altitudes. In the stratospheric region when f >15 km values o, are not

great and are diminishing when the height H increases, Fig. 4.7.4 describes dependence
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o, (H) obtained from data of six sessions, included in the second group. For this groups the

regular growing of o at the 35 km- 14 km altitudes H, a comparative constancy of the
intensity fluctuations between 14 and 8 km and decreasing of o, between 8 km and 0.5 km
are typical. In data, presented in Fig. 4.7.4 the statistical irregularities of the refractivity
introduce the basic contributions into fluctuations, and influence of the layered structures
seems to be insignificant. As follows from comparison of Fig. 4.7.3 and Fig. 4.7.4. that in the
stratosphere the greater intensity
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Fig. 4.7.3. Vertical profile of o, corresponding to the centimeter waves and the first data
group.

of amplitude fluctuations is systematically observed in the second group. For example,
values of o, at the altitude H=20 km are equal to 0.14 and 0.23, respectively, for the first and
second group.

Let us analyze dependences o, (/) and reveal indicators that may be used for estimation of

the intensity of atmospheric turbulence. Two factors are affecting dependence of o, (H):

the background altitude profile of the refractivity N(/)and refractive attenuation of radio
waves X(H). Influence of the first factor may be accounted for by considering of the relative
refractivity fluctuations 6N /N . As follows from theory of wave propagation in the
statistically inhomogeneous medium, value of o, is proportional to the RMS deviation &,
of the refractivity fluctuations, therefore relative irregularity of medium may be
characterized by the factor o,/N~c,/N. The second factor-influence of the refractive
attenuation on the intensity of fluctuations may be accounted for by use of method

described in [146]. As follows from data of this publication the refractive attenuation
reduces the fluctuations in accordance with relationship

o,=0, X" . (4.7.30)
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Here o, is the RMS value of the amplitude fluctuations, which may be observed, if the

actual atmosphere with strong refraction will be changed by the statistically
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Fig. 4.7.4 Dependence o,(H) obtained from data of six sessions, included in the second
group.

inhomogeneous medium without refraction, X is the refractive attenuation of power of radio
waves. Experimental dependences o, (/) , indicated in Fig. 4.7.3 and Fig. 4.7.4, validated

this conclusion: really for the altitudes H <8 km the decrease of intensity of the amplitude
fluctuations is observed. Therefore, the altitude dependence in the form

U(h)=c,N"' X° (4.7.31)

may be considered as an experimental characteristic of intensity of atmospheric turbulence
at different altitudes. For numerical determination of the characteristic U(h) the

experimental dependences o ,(H), X (/) and known altitude profile N(//) may be
applied. In Fig. 4.7.5 the results of determining of dependence U (%) are presented.

As follows from comparison of curves 1 and 2 in Fig. 4.7.5 the characteristic U of the first
and the second groups is clearly different. The function U corresponding to the second
group has heightened value in stratosphere at altitudes 20-30 km. In this region the function
U depends weakly on the height /. For the altitudes below 20 km the monotonic decrease of
U is observed with decreasing height. Quick decrease of U in the 30-23 km height interval
and constancy of U at the altitudes h=13-22 km is a feature of the first group. For the
altitudes below 13 km in the function U relevant to the first group has greater value than
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the same one corresponding to the second group. This is connected with essential
contribution of layered structures in the experimental values o; relevant to the first group.
Therefore, the characteristics o, (/) and U for 4 < 13 km do not give objective information

on the atmospheric turbulence. Spectrum of the amplitude fluctuations gives additional
information concerning the atmospheric irregularities. Examples of the amplitude
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Fig. 4.7.5 Results of determining of dependence U(h) for the first (2) and second (1) data

groups.

fluctuations spectra observed during radio sounding of two regions of the atmosphere are
shown in Fig. 4.7.6. Spectrum A was obtained on 27.05.1998 above Kazachstan, and
spectrum B was observed on 08.07.1998 above the Indian Ocean. Vertical bars in Fig. 4.7.6

indicated the 90% confidence interval. Spectrum @ (F') is typical for the amplitude
fluctuations and is characterized by: (1) nearly constant spectral density in the low
frequency region, (2) the inflection frequency of spectrum £, and (3) power law for
changes of the spectral density ® ~ F™™ in the interval / > F,. Let us consider the
changes spectral indexes m and g in the stratosphere and troposphere.

Values m and g were determined from results of spectra analysis, obtained during

sounding of the atmosphere in 214 regions. In Fig. 4.7.7 the average values of the index m
(left vertical axis) and spectral index g (right vertical axis) are indicated by points for

different heights H. Each point in Fig. 4.7.7 is obtained in results of averaging of 15-18
spectra, vertical bars characterize the rms deviation of parameter 7, and the brocken dotted

line describes the averaged experimental dependence m(/1). One may select in these
dependences three intervals: in the troposphere when H; <7 km the index m has small

changes and its median value is equal to m =2.5*0.2. This value corresponds well to the
index of the Kolmogorov’ spectrum g =m+1=11/3. In the stratosphere when H =15-30
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km the experimental median value m =3.510.2. It is practically independent on the height,
the corresponding spectral index g =4.5%0.2 is essentially distinct as compared with the
theoretical value ¢ =11/3. At altitudes 7- 15 km the experimental values m change in a
broad interval that connected, mainly, with different height of the tropopause in the
sounding regions. Linear dependence m(H ), indicated in Fig. 4.7.7 for this height interval,

is very conditional. Difference in meteorological conditions in the investigated regions
determines random character of the index m variations in these altitudes.
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Fig. 4.7.6. The amplitude fluctuations spectra of centimeter waves observed during radio

occultation of two regions of the atmosphere. Spectra 1, 2 and 3 are relevant to the altitudes
H=7, 22 and 26km.
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Fig. 4.7.7 The average values of the index m (left vertical axis) and spectral index g (right
vertical axis) for different heights H .
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Fig. 4.7.8 Empirical distribution of the probability density of values m for the troposphere
(A) and stratosphere (B) measured in the centimeter wave’s range.

Let us consider the empirical distribution of the probability density of values m , presented
in Fig. 4.7.8. Values m are indicated along the horizontal axis, and the frequency of
observation expressed in percents and corresponding to values m in the interval Am =0.3-
along vertical axis. The distribution m in the troposphere is indicated in Fig. 4.7.8A, and the
distribution m in the stratosphere is shown in Fig. 4.7.8B. It may be seen, that the
distributions in the troposphere and stratosphere are essentially distinct. In the troposphere
in the 50% cases m =2.5% 0.5 and the corresponding to this value spectral index ¢ is equal

to g=m+1=3.5£0.5, i.e. it is near to value 11/3. characterizing the classic turbulence. In

the stratosphere in 50% the cases m =3.6£0.5; an additional maximum with m =27 is
observed in the distribution. Therefore, in the stratosphere only 13% realizations of the
observed values of the index m corresponded to the Kolmogorov’ spectrum, that reveals the
different from turbulence mechanism of irregularities formation.

Deviation of irregularities structure in the stratosphere from classical turbulence requires
accounting for the anisotropy of irregularities in analysis of the amplitude fluctuations. The
spectrum @ (F) for stratospheric region will be analyzed in more detail with usage of
results obtained in papers [29, 143-145]. Let us consider at first parameter, characterizing
spectrum of the amplitude fluctuations: the inflection frequency Fo. The inflection frequency
F, has been determined from location of maximum of the dimensionless value F® (') on
the frequency axis. This location has beedn obtained from analysis of 214 spectra, registered
during radio occultation of the atmosphere at 0.3- 30 km altitudes interval. Variations Fo
were in the 1.2 - 1.5 Hz interval when the intersection velocity v in point T changes from
2.5 up to 5.2 km/s and the immersion angle ¢ was in the 23° - 71° range. Evaluation from
formula (4.7.26) gives for changes F, the 1.4 -10 Hz range. Difference in the experimental

and theoretical values /, may be connected with influence of anisotropic irregularities. The

anisotropy is characterized by the coefficient 77, determined as a ratio of the horizontal scale
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of irregularities to vertical scale. Changes of [, occur also because of decrease of vertical size
of the first Fresnel’ zone and the immersion velocity owing to refraction. Characteristic
changes of the frequency F| as function of height depend also on the immersion angle

(Fig. 4.7.1). Asymptotic formula for F, has been obtained in [140] for two limiting cases:

vertical immersion in the atmosphere (@=0), when Fo~Xvi, and the horizontal immersion (

a=90"), when Fy~v>. When « # 0 the anisotropy of irregularities may cause the decrease
of the frequency Fo, however in this case the form of the spectral density of fluctuations in

the frequency band F > F; does not change.
Let us discuss connection between the spectrum @, (F') and spatial spectrum of the

refractivity fluctuations @, . The frequency spectrum @ (F) may be transformed in 1-

dimensional spatial spectrum of the refractivity fluctuations v,(K) by use of the “frozen”
hypothesis. The 1-dimensional spatial spectrum of the refractivity fluctuations may be
presented in the form

V,(K)=(47)" v @ (K v/27), (4.7.32)

where K=27/A=2xF/v is the wave number, A is the scale of irregularities, @, (F)is
the frequency spectrum of the amplitude fluctuations. If irregularities of the refractivity are
statistically isotropic, then the spatial spectrum V, (K) should not depend on the angle « .
However dependence of the spectrum V, (K) on « is observed in experimental data.

It was noted in [146, 147] that in the case of highly stretched along the horizontal direction
irregularities, i.e. in the case of layered structures, the frequency spectrum of the amplitude

fluctuations @, (F) should be determined mainly by the vertical component of velocity v,
and the frequency spectra should be similar after transformation to their vertical wave
number A=27F/v,.1-dimensional spatial spectrum along vertical is determined in this case
from formula (4.7.22) when K =K, v=Xv, where v, is vertical velocity of point T with
accounting for the refraction effect. In Fig. 4.7.9 examples of the experimental spectrum
v,(K,), obtained from measurements above the Indian Ocean (black signs) and above

Turkmenia (bright signs) are shown. Values of K and vertical scale A=27/K,, and the

spectral density V. are marked, respectively, on the horizontal and vertical axis. Squares in
Fig. 4.7.9 indicated the spectrum, observed at the altitude H=20 km, triangles- at H=25 km,
and circles and rhombuses- at H=30 km . Measurements were conducted above the Indian

Ocean when the angle @ was equal to @=28", measurements above Turkmenia correspond

to =71 . Despite different meteorological conditions in these regions and distinctive
trajectories of immersion into the atmosphere, the spectra V_ in Fig. 4.7.9 demonstrate good
reproducibility, that validates the locally isotropical irregularities assumption. In the
stratosphere at the altitudes 15- 35 km the spectra V, have maximum spectral density at

the scales A=300—-800 m. At the scales A<200 m the spectral density
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Fig. 4.7.9 Examples of the experimental spectrum v,(Ky) as function of vertical wave
number.

> up to scale A~40 m, i.e. the spatial spectrum of irregularities in

V. is diminishing as K;4'
the stratosphere is different as compared with the Kolmogorov’ spectrum. Therefore, from
results of analysis of the amplitude fluctuations spectra with different immersion angles one
may reveal features of the mechanisms responsible for irregularities formation. In [146,147]
it was noted, that the frequency spectra of the intensity fluctuations of the stars’ light
registered during immersion in the earth’s atmosphere contain information about the
structure of small-scale irregularities of the atmospheric density and processes, taking part
in their formation. In the optical range such data may be obtained only for the large
altitudes in the stratosphere.

Measurement of the fluctuations of radio waves in the centimeter range in the
communication links satellite-to-satellite are more appropriate for studying the structure of
atmospheric irregularities. In [145] results of the atmospheric sounding in radio link MIR
station-geostationary satellites were used for detecting in the stratosphere saturated internal
gravity waves in the case of the developed isotropic turbulence. Presentation of the 3-
dimensional spectrum of the refractivity fluctuations in a general form, admitting transfer as
to the isotropic turbulence, and to the anisotropic model of the irregularities spectrum,
allows explaining the features in the experimental frequency spectrum of the amplitude
fluctuations @ (F).Itis turned out, that presentation of the inhomogeneous atmosphere by

an equivalent phase screen and usage of the known from paper [148] form of the
fluctuations spectrum, caused by saturated internal gravity waves, admits to compile a full

equation system, connecting the experimental frequency spectrum @, (F) with 3-
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dimensional spectrum @, (K) . By setting parameters into the spectrum @, (K) for selected

type of irregularities one may recalculate the spectra of the amplitude fluctuations @ (F),

coinciding with experimental data, and determine the intensity of irregularities, spectral
index g and estimate the quality of the applied irregularities model. Analysis indicated that

for the effective separation of the contributions of the isotropic and anisotropic irregularities
it is necessary to provide measurements in the case when the plane of immersion or
egression of the radio ray GL inclined, if possible, under the large angle a relative to the
plane, passing through the points G, L and the earth” s center. This can be explained because
at small angles o the ray line GL intersects the anisotropic irregularities mainly in vertical
direction and, as it seen in Fig. 4.7.9, the spectrum of the amplitude fluctuations become
similar after their recalculation to vertical wave numbers. If the anisotropy coefficient 7 >>

1, this phenomenon is realized even for very «inclined» occultation and the frequency of the
amplitude fluctuations is determined by vertical component of the point T velocity
v, =vcosa . With increasing of angle « , the velocity v, is diminishing and this leads to

growing of the contributions of the anisotropic irregularities in the low frequency region of
spectrum @ (F). If the full velocity v is growing, contributions of isotropic irregularities is

diminishing in the low frequency region spectrum and simultaneously the inflective
frequency Fy is displacing into the high frequency range of spectrum. Therefore, separation
of the anisotropic and isotropic components of the amplitude fluctuations is possible when
the immersion angle ¢ is changing. Conducted in [145] analysis of experimental spectra
indicated, that at frequency Fo ~ 3.5-4 Hz contributions of anisotropic irregularities of
density prevail, and at the frequency Fo~ 13 Hz - isotropic irregularities are significant.
Significant separation of the considered spectra on frequency is essential for their detecting.
It is turned out that in the stratosphere the amplitude fluctuations are mainly determined by
anisotropic irregularities introducing main contribution in the dispersion o, the turbulence
contribution is small. This is well agree with data shown in Fig. 4.7.7 and Fig. 4.7.8. As
follows from Fig. 4.7.7 and Fig. 4.7.8 one may observe satisfactory correspondence of the RO
and radiosounders measurements with model of the saturated internal gravity waves,
considered in [149].

Let us consider, following to [150-152], features of the amplitude and phase fluctuations of
the decimeter radio waves. Investigations of the amplitude fluctuations were accomplished
with usage of the decimeter radio waves at A=19 cm, when the satellite Microlab registered
signals of GPS satellites. Because movement of the satellites the minimal altitude of radio
ray H is diminishing, and changes of the amplitude and phase radio waves, propagating
through the atmosphere were registered. Variations of the amplitude E and phase ¢ of RO
signal have two components: regular changes, caused by the background profile of the
refractivity N (%), and the statistical fluctuations SE and 0@, connected with irregularities

of the refractivity. For determination of the statistical characteristics of fluctuations 0F and
O0@ the regular changes of the phase and amplitude were found by means of the second

power polynomial approximation on the short intervals of time Af; then from dependences
E(t)and ¢(t) changes of the phase and amplitude, corresponding to the regular trends,

were subtracted and the random functions 0E and O@ with zero mean values were
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obtained. Experimental dependences JE and 0@ were analyzed by usage of the standard
procedure of statistical data handling. As a result for each RO session several values of the
dispersion of the amplitude fluctuations o, and phase (7; were found. During RO

experiments radio waves are propagating also through the ionosphere. To exclude the
ionospheric influence and technical factors the fluctuation’s characteristics of the radio
signals at the altitude H=40-60 km were determined, where atmospheric influence may be
neglected. Exception of small influence of the ionospheric irregularities and technical noise
on the phase and amplitude fluctuations was conducted by a usual procedure applicable for
statistically independent random processes, assuming the dispersions and spectral densities
may be subtracted.

To elucidate the laws of the decimeter waves fluctuations the data of the 49 RO sessions
accomplished in period February 2- 19, 1997 in the regions with the longitude 120°-153°E

and latitude 20°-60°N were used. The distances L,, L(g from the receiving Microlab satellite

and transmitting GPS satellite to the radio ray perigee T (Fig. 4.7.1) were equal to L, =3300
km and L, =25,600 km, respectively. The velocity of point T has two components: the

vertical v, = dH / dt and horizontal v, , which is perpendicular to the plane of Fig. 4.7.1.

Only experimental data relevant to the nearly vertical immersion (or egression) were
analyzed with v, <v, . Dispersion of the amplitude fluctuations was determined at the time

lag At = 4 s. During this time the altitude H diminished by 7-10 km in the stratosphere and
by 1.8-2.6 km in the troposphere, therefore during each RO session five-seven o, values
were obtained. In Fig. 4.7.10 results of determination of the RMS deviation o, of amplitude
of decimeter radio waves are presented for different altitudes H.

The spread of experimental values o, in this Figure is caused by variability of the
meteorological conditions, and averaged dependence o, on H is indicated by the solid
broken curve. Reliable registration of the atmospheric amplitude fluctuations is beginning in
the stratospheric region at the altitudes H = 23-26 km, with average o, = 0.05. At the
altitudes H = 13-17 km the fluctuations intensity remains nearly constant with average
value o, = 0.15. In the troposphere at the altitudes H = 3-6 km a strong spread of values o,
with average o, = 0.31 is observed. In Fig. 4.7.11 dependence of the RMS phase deviation
on the height is indicated. Points correspond to values o, (expressed in radians) for
different RO sessions, and the solid broken curve corresponds to average experimental
dependence. Analysis of the phase fluctuations indicated, that determination of o, is
reliable starting from the heights 23-26 km with the average value o, equal to 0.18 radian.
The monotonic increase of the phase fluctuations is observed when H is decreasing. At the
altitudes 13-17 km value o, in average is equal to o, =0.53. In the troposphere the large

variability of the phase fluctuations is observed: the registered in different RO sessions
values o, are changing from 0.5 up to 2.6 radian with average values 1.2 in the height

interval H = 3-6 km.
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Fig. 4.7.10. Vertical profile of the RMS deviation o, of the amplitude of the decimeter radio

waves.

From comparison of Fig. 4.7.10 and 4.7.11 it follows, that dependences o,(H) and o, (H)
are similar. In Fig. 4.7.12 the ratio of the average values o, /0, is presented as function of
the altitude H. As follows from Fig. 4.7.12 the ratio ¢,/ 0,is equal to o, /o, =3.4+0.6 and

weakly depends on H.

Let us consider the spectrum of the amplitude and phase fluctuations. Spectra of the
amplitude fluctuations were determined in the time interval Af=5 s, corresponding
changes of the minimal height of radio ray were in the intervals AH =8-12 km in the
stratosphere and AH =2.2-3.0 km in the troposphere. In Fig. 4.7.13 the typical spectra of the
amplitude fluctuations @ (F') are presented for the three RO sessions. The spectrum «A» is
obtained for the troposheric, and spectrum «B»— for the stratospheric region, respectively,
curves 1, 2, and 3 correspond to different RO sessions, where the significantly distinguished
levels of the fluctuations were observed. From Fig. 4.7.13 it follows, that at frequency F <2
Hz the spectral density @ (F')is weakly depending on the frequency F', and when F'>2

Hz ©,(F) is quickly diminishing with increasing of the frequency. For F>2 Hz the
experimental spectrum is well approximated by dependence @, ~ F™ and the spectral index
m may be determined from the experimental data. In Fig. 4.7.14, the histograms indicating
the distribution of the index m values, obtained from amplitude data, are shown. From Fig.
4.7.14, it follows, that in the troposphere in the 75% cases the spectral index m values are
located in the interval 2.2-3.4 with the average values equal to 2.7£0.6, and in the
stratospheric region the spectral index m changes from 2 up to 4. From comparison of the
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Fig. 4.7.12. Ratio of the average values o,/ 0, as function of the altitude H.

index m distribution found from the amplitude fluctuations of the centimeter (Fig. 4.7.8)
and decimeter waves (Fig. 4.7.14), it follows the good correspondence of these data, that
indicates the reliability of determination of the spectral index from the refractivity
fluctuations ¢ . Let us adduce the results of analysis of the experimental spectra fluctuations

of the eikonal @, (F') . The spectra @, (F') were determined in the time interval A7 =5s; in
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Fig. 4.7.14. Histograms indicating the distribution of the index m values, obtained from

amplitude data in the decimeter range for the troposphere (A) and stratosphere (B).

the stratospheric and tropospheric regions the data were used, corresponding to the
altitudes H 15-24 km, and 4-7 km, respectively. In Fig. 4.7.15 the examples of the
experimental spectra of the eikonal fluctuations for the troposheric and stratospheric regions
are shown. The experimental spectra @, are also well describing by the power dependence

@~ Fm. It is turned out, that in the troposphere the average value m is equal to 2.2+0.4. In
the stratosphere m = 2.6+0.5; therefore, according to (4.7.22), for the stratosphere g =
3.6£0.5, and for the troposphere g =3.2+0.4. This corresponds to the Kolmogorov’ spectrum
with ¢ =11/3. As follows from Fig. 4.7.13 and 4.6.15 the form of the spectra ®,and @ is

successfully obtained for the 0.7- 20 Hz interval of the frequency F. This corresponds to the

irregularities scale A in the interval 0.1- 2 km when the velocity changes in the interval 1.9-
2.6 km/s.
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Fig. 4.7.15 Examples of the experimental spectra of the eikonal fluctuations for the

troposheric and stratospheric regions.

Let us compare experimental data containing fluctuations of the amplitude and phase with
theoretical results. For determination of connection between the amplitude fluctuations o’

and phase Gf, and the altitude dependence of the dispersion of the refractivity fluctuations
o’ (h) the approximated relationship (4.7.27) and formulas (4.7.28), (4.7.29) may be applied
to analysis. The value o,/0, was successfully determined from experimental data;

therefore the ratio o, / o, should be formed theoretically from Egs. (4.7.28) and (4.7.29):

2 5/6
To | _ysop s [Litle ) (4.7.33)
o " LL
a g

It follows from (4.7.33), that the ratio ¢, / o, is determined by the wavelength, the distances

L,, Lg , the external scale of irregularities A _, and is independent on the height H.

Expression (4.7.33) allows determining the external scale of irregularities from known ratio
o,/ o, . After substitution in Eq. (4.7.33) the experimental value o,/0, = 3.4, the

magnitudes of the distances L,, L, and wavelength 4, the average value A, may be

found equal to A =1.4 km. After comparison of the experimental dependences o, (H)
and o, (H), presented in Fig. 4.7.10 and 4.7.11 by the broken curves, with results of

evaluation of these dependence from the Egs. (4.7.28) and (4.7.29), indicated in Figures 4.6.10
and 4.6.11 by smooth curves, one may found the parameters f and o,. Experimental data
and results of evaluation are coinciding well, if one prescribes values 0.1 km-! and 2-10-¢ to
the parameters f and o, respectively. The RMS deviations of refractivity fluctuations o,

corresponding to these values f and o are equal to 1.2:10-6 and 0.4-10-6 at the altitudes 1 5
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and 15 km, respectively. One may estimate the width of an equivalent irregular «layer»
(raf")* ; after substituting the found value S one may conclude that value of the

«layer» width is equal nearly to 400 km.

Characteristics of the amplitude and phase fluctuations of the centimeter and decimeter
radio waves in the communication satellite-to-satellite links are satisfactorily described by
results of radio wave propagation theory in statistically inhomogeneous medium.
Comparison of experimental data with theoretical results allows determining the index of
the spatial spectrum of atmospheric irregularities g, estimating the external scale of

irregularities A and finding averaged dependence of the dispersion of refractivity
fluctuations as function of the height o *(/) . The index of spatial spectrum of the
atmospheric refractivity irregularities ¢ may be determined independently from the

frequency spectra of the amplitude and phase fluctuations that essentially heighten the
trustworthiness of the g determination. The found from the amplitude and phase data

values ¢ correspond in the troposphere to the Kolmogorov’ spectrum of developed

turbulence and one may consider as a validated fact, that the amplitude and phase
fluctuations at the altitudes 2-8 km are really caused by atmospheric turbulence having the
index magnitude g =11/3. In the troposphere the temperature is decreasing with the height

increasing, the atmosphere is instable and therefore intensive turbulence develops easily. In
the stratosphere the temperature weakly increases with height or the isothermal region
develops, therefore the atmosphere is stable. In the stable atmosphere layered and wave
structure develop, and classical turbulence become apparent as a small factor. Therefore the
registered values of the index m and, hence, the index of the spatial spectrum of atmospheric
irregularities ¢ change in the large interval. Small-scale atmospheric irregularities may be

characterized by the intensity of the amplitude and phase fluctuations, i.e. by values o,
and o,. The parameters o, and o,are theoretically connected with the dispersion of the
refractivity fluctuations o .

Determination of the altitude dependences o ’(h) may be reliably fulfilled only by
averaging of many RO sessions data. In a separate RO session one may observe the intensive
changes of o, and o, hence determination of o, become difficult. Therefore the intensity
of the small-scale atmospheric irregularities may be better characterized by the dispersions
of the phase o (/}2 and amplitude &> fluctuations without recalculation of these values into

o,(H) . To heighten reliability of obtained information about the intensity of atmospheric

irregularities it is necessary to use results of the simultaneous amplitude and phase
measurements. One may consider the value

1
o= E(O'(p +3.40,).

as the conditional characteristic of the intensity of the atmospheric irregularities, obtained
from RO monitoring of the atmosphere. In the troposphere, in the most cases g =11/3, and

the parameter o describes the intensity of turbulence. In the stratosphere, where the wave
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and layered structure are observed, & may not be used for the estimation of the turbulence
intensity. Analysis of the frequency spectrum of amplitude and phase fluctuations allows
revealing the relative contributions of atmospheric waves and Kolmogorov’ turbulence of
small-scale stratospheric irregularities. By applying the described results of investigation of
radio wave fluctuations and by use of formula (4.7.17), one may estimate the temperature
fluctuations 67 . As follows from considered data the RMS deviation of temperature o, at

the altitudes 4-8 km is equal to 1.2-1.7 K, and at the altitude 20 km o, ~ 1.8-2.4 K. The

fluctuations oT characterize the maximal accuracy in determination of altitude profile of
temperature 7'(%) by RO method, when other interfering factors are removed. Comparison

of dependences T'(%), determined by RO method and other tools is conducted in [105]. It is

shown that errors of temperature determination are nearly equal to the estimated values o, .

For studying small-scale irregularities in the stratosphere in papers [146, 147, 153, 154] the
space borne observations of effect of star brightness scintillations during immersion or
egression were used. Comparison of the amplitude fluctuations of radio and optical waves
during occultation sounding of the stratosphere was conducted in [155]. This comparison
indicated satisfactory correspondence with considered above experimental data.

5. RO Monitoring Of The Lower lonosphere

5.1. Influence of the lower ionosphere on the amplitude and phase of RO signal

Physical changes in the near-earth space environment in response to variations in solar
radiation, solar plasma ejection, and the electromagnetic status of the interplanetary
medium produce disturbances in the ionosphere. The disturbed ionosphere changes the
amplitude and phase of RO signal. To lowest order, changes in the total electron content
(TEC) along the signal path contribute to the phase path excess. For an undisturbed
ionosphere, where the electron density does not vary significantly over the short- scale
lengths, this is the only effect that the ionosphere has on the RO signals. For undisturbed
conditions the tangent points in the ionosphere are absent during motion of the ray perigee
in the atmosphere and the ionospheric influence may be described as a slow change
(appeared as linear or parabolic trend) in the phase path excess without noticeable
variations in the amplitude of RO signal. As shown in [73], this trend can be extrapolated to
the atmospheric part of RO measurement and then subtracted from the phase path excess to
measure the atmospheric contribution. Thus, in the quiet ionospheric conditions the
ionospheric correction can be introduced independently to the phase path excess at both RO
signals. In the case of the CHAMP radio occultation experiment the quiet ionospheric
conditions have come to light in the form of smooth dependence of the amplitude on the

height interval 40-100 km with small dispersion of the amplitude variations o
o=[<(Ad-<A>)>]"*/<4>, (5.1.1)

where < 4 > is the average amplitude of RO signal corresponding to propagation in the
free space. An example of quiet ionospheric conditions observed during CHAMP RO event
is shown in Fig. 5.1.1. The amplitude curve has low amplitude variations RMS=0.0136. The
phase data (curve 1 and 2 are relevant to frequencies L1 and L2) are obtained after
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Fig. 5.1.1. Left panel. Quiet ionospheric conditions (rms=0.0136), CHAMP RO event No.
0205, May, 31, 2001. Insert indicates the date, time of event, and coordinates of the ray
perigee. Right panel. Noisy CHAMP event with high amplitude variations (RMS=0.2191) in
the equatorial region at the local midnight.
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Fig. 5.1.2. Regular variations in the amplitude and phase can be connected with waves in the
electron density distribution for polar (left) and equatorial evening ionosphere (right).

a linear trend. The phase path excess at both frequencies reveals very slow changes
connected with slow altering of the TEC along the ray path in the ionosphere. An example
of CHAMP event with high amplitude variations (rms = 0.2191) is shown in Fig. 5.1.1 (right
panel). The noisy contribution may correspond to a fountain phenomenon in the ionosphere
usually observed after sunset during the time of high solar activity. This event can be
classified as a typical case, relevant to the noisy ionospheric contribution caused by
turbulence in the equatorial region after sunset at 21 h local time (LT). The main part of the
amplitude variations is limited to the interval 0.6 < 4 <1.3 with some spikes up to level 1.9-
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Fig. 5.1.3. Diffraction event in the morning ionosphere (08 h 40 m LT) caused by diffraction
of radio waves on the sharp vertical gradients of the electron density in the sporadic E- layer
of the ionospherec(right). Regular amplitude and phase variations connected with the
inclined sporadic E-layers (morning ionosphere, 09 h 30 m LT)(left).

2. Phase variations (after subtracting of the linear trend) are also high and indicated sharp
changes in the TEC corresponding to the moving bubbles in the fountain region of the
ionosphere. Events with quasi-regular variations in the amplitude with RMS=0.0613; 0.1579
are shown in Fig. 5.1.2 (left and right panel). The phase path excesses at two frequencies are
highly correlated and changed in the interval -0.8 m <®,, < 0.6 m. The amplitude

variations in Fig. 5.1.2 (right panel) are localized between 50 and 70 km. Sharp gradients of
the electron density in inclined ionospheric plasma layers may be a cause of the amplitude
variations in this altitude interval where expected influence of the ionospheric D- and E-
layers and neutral atmosphere is negligible. Strong ionospheric event with evident
diffraction structures in RO signal is demonstrated in Fig. 5.1.3. The diffraction patterns are
clearly seen at the heights 60-62.5 km. Intersection of the caustic boundary is seen at the
height 60 and 62.5 km. Small-scale amplitude variations (thin features) are connected with
diffraction pattern near the caustic boundary. This case can be considered as a consequence
of diffraction of radio wave on sharp vertical gradients of the electron density in a sporadic
E-layer Es. Information on details of the electron density distribution can be obtained
because absence of interferences connected with atmosphere above 50 km. The electron
density distribution can be obtained by usual Abel’s inversion with accounting for
systematic changes in the height connected with horizontal displacement of the tangent
point. Intensive ionospheric regular event with influence of the E, is shown in Fig. 5.1.3 (left
panel). Fine structures, which are seen in the phase path excess, are corresponding to Es and
disposed at the ray perigee heights 75 and 84 km. Usually the inclined Es are disposed
between 95 and 110 km in the morning ionosphere. The inclination of Es can be found if the
real height is known from the independent measurements. In any case the vertical
distribution of the electron density and its gradients can be found by means of Abel’s
inversion.
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Checking of CHAMP and GPS/MET data showed usefulness of the amplitude data in the
height interval 40-100 km as an indicator of the current state of the ionosphere. Analysis of
the amplitude data can give, in principle, the electron density distribution in sporadic E-
layers and then can produce the phase and amplitude corrections at the atmospheric part of
RO signal.
Analysis of CHAMP radio occultation data indicates importance of the amplitude variations
for classification of the ionospheric influence on the RO signal. This classification can be
mainly based on the dispersion of the amplitude variations, and on the form of spectra of
the amplitude variations. Analysis revealed five types of the ionospheric influence on
CHAMP radio occultation data.

(1) Noisy events with highly incoherent contribution of ionospheric disturbance to the

amplitude of RO signal.
(2) Regular events with quasi-periodical nearly coherent contributions to the amplitude
and phase of RO signal.

(3) Regular flashes in the amplitude and phase of RO signal.

(4) Diffractive events with clearly seen diffraction phenomena in the ionosphere.

(5) Quiet events.
Strong regular variations in the amplitude of RO signal in the most cases are connected with
inclined ionospheric layers. Regular character of the main part of the ionospheric
disturbances indicates a possibility to obtain additional information on the ionospheric
structure from RO measurements. This reveals usefulness of RO method for global
investigation of Es in the lower ionosphere which is difficult by the Earth’s based tools.

5.2. Investigation of sporadic layered plasma structures in the lower ionosphere

A description of the CHAMP RO mission is given in various publications [47]. The data
archives may be accessed at: http://isdc.gfz-potsdam.de/champ. Results of CHAMP RO
measurement of the phase and amplitude of the GPS signals are shown in Fig. 5.2.1 for RO
event Ne 0001, September 21, 2003, 13 h 21 m LT with geographical coordinate 83.4° S
latitude and 161.8° W longitude. The height / of the ray perigee evaluated from orbital data
by use of a standard model of standard refraction in the atmosphere (2.1.4) is depicted on
the horizontal axis in Fig. 5.2.1. The plotted points correspond to the sampling rate 50 Hz.
The height-sampling interval is about 30 m, depending on vertical RO beam velocity.
Curves 1 and 2 indicate the results of measurements of the phase path excesses at two GPS
frequencies L2 and L1, respectively. For a better comparison, the phase path excess
calculated by use of the refractivity model [30,31,69] has been subtracted from the phase
path excesses L1, L2, and FO (curves 1- 3 in Fig. 5.2.1, left panel). All data correspond to the
altitudes retrieved by use of the Abel-inverted refractivity. The phase path excess residual
FO (curve 3) has been obtained after an ionospheric correction, i.e., after excluding the
ionospheric influence by linear combination of the phase path excesses residuals at the
frequencies L1 and L2. The phase residuals corresponding to neutral gas (curve 3) are
changing from —1 m at 30 km to —8 m at 5 km. These values correspond to a distinction of
vertical profile of refractivity in the polar atmosphere from the altitude profile of the
refractivity used for simulation of the phase excess. Curve 1 in Fig. 5.2.1, right panel,
demonstrates the refractive attenuation variations calculated by use of the amplitude data at
the first GPS frequency F1. Curves 2-4 indicate the results of estimating the refractive
attenuation by use of Eq. (4.5.1) from the phase excess data at the frequencies L2 and L1



116 Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere

1

so+/\1
4.0+
E 3.“__ .E
gz 20-7)\2 5
g ] g
F 0.0 =
§ =1.0 CHAMP EVENT 0001 E
2 20 2003 09 21 S
il 00h08m19s UT
3.0 13h21m16s LT §
1 -834 N 161.8W 5=
~4.0 | =
-5.0 LI S e s s o ey ey ey e 0-0l|l|||1|||||||||||||||
10 20 30 40 50 60 70 80 90 100110 0 10 20 30 40 50 60 70 80 90 100110
height [km] height [km]

Fig. 5.2.1. An example of CHAMP measurements. Left panel: the phase path excess residuals
L1 and L2 as functions of height retrieved by use of the Abel-inverted refractivity (curves 1
and 2, respectively). The phase path excess residuals L1 and L2 have been calculated by
subtracting the phase excess evaluated by use of the refractivity model of the neutral
atmosphere from the measured phase excesses L1 and L2. The phase path excess residual FO
(curve 3) has been obtained after ionospheric correction, i.e. after excluding the ionospheric
influence by a linear combination of the phase path excesses residuals at the frequencies L1
and L2. Right panel: the refraction attenuation of the radio waves (curves 1-4) obtained
from the amplitude (curve 1) and phase (curves 2-4) data as functions of height retrieved by
use of the Abel-inverted refractivity. Smooth curves 5 indicate result of modeling of the
refraction attenuation by use of the refractivity model of the neutral atmosphere.

(curve 3 and 4, respectively) and the phase excess data FO obtained after the ionospheric
correction. For calculation of the refractive attenuation from the phase excess data,
coefficient min Eq. (4.5.1) has been evaluated with using the satellites orbital data, which
include the position and velocities of the GPS and LEO satellites relative to the center of
spherical symmetry- point O (Fig. 3.4.1). Smooth curves 5 describe results of modeling of
the refractive attenuation. Good correspondence between the refractive attenuations
obtained from the amplitude and phase data is seen in Fig. 5.2.1, right panel (curves 1-4).
Also results of modeling of the refractive attenuation coincide well with experimental data.
Thus, we may conclude that the relationships (3.4.15) are valid in the RO experiments up to
altitudes about 30-40 km. The relationships (3.4.15) open a new way to measure the
refractive attenuation in different kinds of RO experiments including investigation of the
planetary atmospheres. Thus, the eikonal acceleration has the same importance for the RO
experiments as the well-known Doppler frequency. Note that by use of the phase data one
may correct the amplitude data for systematic errors caused by the trends in the antenna
gain and direction, and receiver’s noise variations.

In the following we will consider a possibility to locate the tangent point T on the ray GTL
(Fig. 3.4.1) by use of Eqgs. (3.4.21)-(3.4.24). When the RO ray moves through the lower
stratosphere and troposphere, the tangent point T is nearly coincides with projection Q of
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Fig. 5.2.2. Eikonal acceleration a and refractive attenuation X-1 at the first GPS frequency L1
(curves 1 and 2, respectively) for two CHAMP RO events: Ne 0136, January 14, 2003 (left
panel) and Ne 0023, September 21, 2003 (right panel). Below 10 km altitude the eikonal
acceleration a2 was not be estimated because high variability of the phase data. Curves 3
indicate the altitude dependence of distance d calculated by use of Eq. (3.4.21) with
averaging on 129 samples (2.5 s time interval).

the center of the spherical symmetry- point O on the line of sight GL (Fig. 3.4.1). In the
mesosphere and upper stratosphere vertical gradients corresponding to influence of neutral
gas are weak and the tangent point T may be displaced because of the influence of the
inclined plasma layers in the E- or F-layers of the ionosphere [156]. In this case, the center of
local spherical symmetry is displaced to a point O’ and its projection to the line of sight will
be disposed at a point Q' (Fig. 3.4.1). New location of the tangent point will coincide with a
point T’ at the distance d from the ray perigee T (Fig. 3.4.1). There exists a possibility to
determine the distance d as a difference between the distance Q'L and QL. The distance QL
may be determined from the satellites orbital data. The distance Q'L can be found from Egs.
(3.4.21)-(3.4.24) by use of known value of parameter m . To check a possibility of measuring
the distance d , we will consider the CHAMP data relevant to two equatorial RO events
0136 (January 14, 2003, at 14 h 40 m local time at the geographical coordinate 3.2° S latitude
and 3.8° E longitude) and 0023 (September 21, 2003, at 17 h 52 m local time at the
geographical coordinate 6.3° S latitude and 139.4° W longitude), which are shown in Fig.
5.2.2 for the 10-40 km (left panel) and 5-40 km (right panel) height interval, respectively.
The eikonal acceleration a, calculated as the second derivative of the phase-path excess on

time and intensity variations 1— X at the frequency L1 are shown in Fig. 5.2.2 (curves 1 and
2, respectively). As seen in Fig. 5.2.2, there is a good correspondence between variations of
the eikonal acceleration and intensity of RO signal. Coefficient m is different in RO events
Ne 0136 and Ne 0023. Average ratio of the refractive attenuation and the eikonal acceleration
m is about 1.0 [s2/m] in the 5-40 km height interval for the RO event 0136. This value m is
about 1.5 times greater than that for RO event 0136. Curve 3 in Fig. 5.2.2 indicates the
deflection D of point T from its standard location in the atmosphere. Deflections in the
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Fig. 5.2.3. Comparison of the refractive attenuation of the radio waves found from the phase
and amplitude data (curves 1 and 2) with results of the distance d estimation by use of Egs.
(3.4.23) (curve 3) and (3.4.24) (curve 4) for CHAMP RO event 0015, September 21, 2003
(coordinate 52.3 S, 324.1 W, 04 h 14 m 54 s LT) (left panel) and 0023, September 21, 2003
(coordinate 6.3 S, 134.9 W, 17 h 52 m 00 s LT) (right panel).

direction to point G or to point L are positive or negative, respectively. Deflection of point T
between 10 and 20 km from its standard position is mostly small ~+150 km. This indicates
the atmospheric origin of the phase and amplitude variations of RO signal at these altitudes.
A correlation between the refractive attenuation and eikonal acceleration is clearly seen
between 10 and 30 km as shown above. Slow regular changes of the refractive attenuation
and eikonal acceleration introduce main contribution to this correlation. Below 10 km , this
correlation is destroyed by multipath propagation in the troposphere. Above 30 km the
ionospheric effect becomes important. Below we will consider a possibility to use the
ionospheric effect for locating the ionospheric layers. Examples of the refractive attenuation

recalculated from the amplitude and phase data X, and X, are shown in Fig. 5.2.3 by

curves 1 and 2. The forms of the refractive attenuations X, and X , are similar and

indicated ionospheric layers at the altitudes of rayperigee 95 km and 80 km (left and right
panels, respectively). The width of both ionospheric layers, as estimated from curves 1 and
2, is about 2 km. Altitude 80 km is unusual for ionospheric layers. Thus, in this case the
center of spherical symmetry is displaced and the altitude of the ionospheric layers should
be recalculated. Results of estimation of the upper and lower boundaries for displacement D
with averaging on 2.5 s time interval (M= 65 samples) are indicated by curves 3 and 4,
correspondingly, for CHAMP RO events 0015 and 0023. For event 0015, the upper and
lower boundaries for displacement d near altitude 95 km are about 450 km and -500 km
(curves 3 and 4, respectively, Fig. 5.2.3, left panel).

One can estimate the displacement d and parameter m by use of Egs. (3.4.21), (3.4.23) and
(3.4.24) near the center of layer at altitude % equal to 95 km (Fig. 5.2.3, left panel). Results of
determination of parameter m , displacement d and correction to the layer altitude A% are
given in the Table 5.2.1 as function of the altitude 4 of ray perigee T. Also the refractive

attenuation X, , estimated from the amplitude data, and refractive attenuation X B
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calculated from Eq. (4.5.1) by use of the measured eikonal acceleration 2 and estimated value
of parameter m are given in the Table 52.1. The refractive attenuations X, and X , are

nearly equal, thus indicating the small magnitude of displacement d . The displacement d
as seen from the second column of the Table 5.2.1 is changing in the —180 km- +65 km
interval and corresponding corrections to the altitude A/ are about 0.3 km in average.
Therefore, the results of parameter m estimations by use of equation (3.4.24) confirm
location of sporadic E-layer at the height 95.5 km with small displacement d ~ -30 km from
ray perigee T (Fig. 3.4.1). One can estimate by use of data in Table 5.2.1 the influence of
random errors on the evaluation of distance d from Egs. (3.4.21) and (3.4.22). Parameter m
changes in the 0.3349- 0.3780 [s2/m] interval with statistical error +0.028 [s2/m] and relative
error £8.1%. The estimated distance d changes in the -179.1 — +64.9 km interval with
statistical

Heighth | Distance d d? Refractive Refractive m
[km] [km] Ah= ; attenuation attenuation [s2/m]
[km] (F1 phase (F1 amplitude
data) X, data) X
95.746 52.9 21 .8987 .8956 3762
95.700 9.3 .00 9010 .9000 .3685
95.655 -26.5 .05 9031 .9038 3621
95.610 61.5 .29 .9096 .9065 3776
95.564 8.6 .00 .9094 .9086 3683
95.519 -121.7 1.15 9051 9102 3452
95.474 43.5 14 9145 9122 3744
95.428 28.9 .06 9143 9127 3718
95.383 -121.5 1.15 .9098 9146 3452
95.338 -14.5 .01 9152 9154 3641
95.292 47.0 17 9201 9179 3749
95.247 -105.4 .86 9179 9216 .3480
95.201 -59.2 27 .9239 9256 3561
95.156 64.9 32 9323 9298 3780
95.111 -179.1 2.50 9317 9373 3349
95.065 -33.8 .08 9428 9434 3605

Table 5.2.1. Displacement d and correction A/ in the height of tangent point

error £65 km. The accuracy in the evaluation of distance d by considered technique
corresponds to the theoretical limit of horizontal resolution of RO method estimated
previously as £100 km. It follows that the estimation of parameter m from Eq. (3.4.22) is
more precise than from Egs. (3.4.23), and (3.4.24) in the case of strong scintillations of the
amplitude and phase caused by layered structures in the ionosphere.

Altitude 80 km observed in the event 0023 (Fig. 5.2.1, right panel, curves 1 and 2) is unusual
for a sporadic ionospheric layer. Thus, in this case, the center of spherical symmetry is
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Fig. 5.2.4. Left panel: Comparison of the refractive attenuation of the radio waves found
from the phase and amplitude data (curves 1 and 2) with results of distance d estimation
by use of Eqs. (3.4.23) (curve 3) and (3.4.24) (curve 4) for the CHAMP RO event 0034,
September 21, 2003 (coordinate 19.9 N 227.9 W, 05 h 11 m 13 s LT) as function of the altitude
of the ray perigee T. The time interval for averaging was equal to 2.5 s. Right panel:
Comparison of the refractive attenuation of the radio wave found from the phase and
amplitude data (curves 1 and 2) with results of estimation of the electron density and its
vertical gradient variations (curves 3 and 4) as function of the real altitude of the sporadic E-
layer h+ Ah .

displaced and the altitude of ionospheric layer must be recalculated. The large difference
(about two times) between the refractive attenuation X, and X , calculated from the
amplitude and phase data under the assumption of the spherical symmetry with the center
at point O (Fig. 3.4.1) (curves 1 and 2 in Fig. 5.2.3, right panel) supports this conclusion.
Curves 3 and 4 in Fig. 5.2.3 (right panel) indicate the displacement d in the interval from
—600 km (upper boundary) to —900 km (lower boundary). A more careful investigation by
use of Eq. (3.4.24) gives value d in the —680 km - —630 km interval, and correction to
altitude Ak is about 30 km. Thus, the real height of Es is about 110 km. The layer is
displaced by 650 km to receiver from the ray perigee T and has inclination ¢ ~ 6° to the local
horizontal direction. The height of sporadic E-layer is increased in the receiver direction.
The lower boundary of the horizontal length, L,, of sporadic E-layer can be estimated from
relationship L, = Ad /6, where Ad is the layer width estimated on dependence of the
refractive attenuation on height. For event 0023, value Ad = 3.5 km and the horizontal
length of E-layer is greater than 35 km.

Another example of intensive E; is given in Fig. 5.2.4. Curves 1 and 2 (Fig. 5.2.4, left panel)
indicate the refractive attenuations X and X b7 respectively, as the functions of altitude 4

of ray perigee T (Fig. 3.4.1). Curves 3 and 4 demonstrate the upper and lower boundaries,
respectively, for displacement d (Fig. 5.2.4, left panel). As seen in Fig. 5.2.4 (left panel), both
minima in the refractive attenuation found from the amplitude and phase data correspond
to height 4 ~ 100 km. The upper and lower boundaries of the displacement d are nearly
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Fig. 5.2.5. Left panel. Comparison of the refractive attenuation X, and X  retrieved from

the amplitude and phase variations at the GPS frequency L1 (curve 1 and 2), and results of
determination of the displacement of point T from RO ray perigee (curves 3 and 4) for
CHAMP RO event 0169, July 05, 2003, 29.4° S 232.9° W. Right panel. The refractive

attenuation X and X, retrieved from the amplitude and phase variations (curve 1 and 2),

and retrieved variations of the electron density and its vertical gradient as functions of the
corrected height in the ionosphere for CHAMP RO event 0169.

coinciding and equal to 500 km (curves 3 and 4, Fig. 5.2.4, left panel). This value d
corresponds to location of the tangent point T’ in sporadic E-layer between transmitter G
and ray perigee T at altitude % + Ah, where Ah = 18 km. By use of theoretical relationships
published in [55], it is possible to retrieve variations of the electron density dN, (/) and its

gradient dN,(h)/ dh from variations of the refractive attenuation, indicated by curves 1 and
2 in Fig. 5.24. Restored variations of the electron density dN,(h) and its gradient
dN,(h)/ dh are shown in Fig. 5.2.4, right panel, by curves 3 and 4, respectively. The electron

density variations are concentrated at 116-120 km in the interval +30 [109m3] and vertical
gradient of the electron density changes in the 60 [10°m™3km™] interval . Maximum in the
electron density variation is about of 40 [109m™3] and is displaced by 1.5 km relative to
minimum of the refractive attenuation disposed at 118 km altitude . Maximum in vertical
gradient of the electron density is about 70 [10° m3km™!] and locates by 0.5 km below
relative to minimum of the refractive attenuation. Additional example of application of the
eikonal acceleration/intensity ratio technique to analysis of the amplitude and phase
variations is given in Fig. 5.2.5. Sporadic E- layers contributions to variations of RO signal
are considered in detail in Fig. 5.2.5 (left panel). The displacement can be estimated by using
curves 3 and 4. The centre of sporadic E-layer is located at 119.5 km altitude and practically
coincides with the RO ray perigee since the distance d (curve 3 and 4 in Fig. 5.2.5, left
panel) is equal to 0. The accuracy in determination of value d , which may be estimated as a
difference between curves 3 and 4 in Fig. 5.2.5, is about 30-100 km. Results of restoration of
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the electron density variations dN,(h) and its gradient dN,(h)/dh from the amplitude

variations of RO signal are given for the considered RO event 0169 in Fig. 5.2.5 (right panel).
The initial data: the eikonal acceleration a, and refractive attenuation 1— X, are shown by

curves 1 and 2. Curves 3 and 4 demonstrate the retrieved variations dN,(h)and dN,(h)/ dh

as functions of the corrected height 4 . Both curves 1 and 2 are nearly coinciding. This is a new
validation of the Eq. (4.5.1) for the case of sporadic E-layers in the ionosphere. The electron
density perturbations dN, (/) changes mainly in the +5-10% - £25-10° [m3] interval, and its

vertical gradient dN, (h)/ dh in the £20-109- £50-10° [m 3km-1] interval. The estimated heights

and plasma parameters are usual values for the sporadic E-layer in the ionosphere [157].
Therefore, the suggested method has a promise to be an effective tool for the localization of the
sporadic E-layers and inclined plasma layers in the ionosphere.

5.3. Comparison with the ground-based observation data

The CHAMP RO amplitude variations for some RO events, which can be recognized as C-
and S- types of the amplitude scintillations observed earlier in the communication link
Inmarsat - ground station at frequency 1.5 GHz [158], are shown in Fig. 5.3.1. The noisy C-
type amplitude variations in the RO signals are given in Fig. 5.3.1, top panel. These
scintillations have been observed in the equatorial region at local evening during RO events
No. 0051, November 19 (curve 1); No. 0053, July 05 (curve 2); No. 0069, February 24 (curve
3); No. 0135, July 04 (curve 6), 2003 year. Average values of the §,index are equal to 18.8%,

32.0%, 20.2% and 50.5% (curves 1,2,3 and 6, respectively). Event 0159 corresponds to local
morning (May 03), in the polar ionosphere with 5,=16.0% (curve 4). Curve 4 corresponds to
the daytime noisy event near the north geomagnetic pole. Curve 5 relates to quiet nighttime
ionosphere with 54=3.0% (event No. 0198, May 03), when the
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Fig. 5.3.1. Left panel: C-type noisy amplitude scintillations of RO signal. Right panel: S-type
quasi-regular amplitude variation. Legends indicate the local time (LT) and the geographical
coordinates of RO measurements
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Fig. 5.3.2. Results of modeling the amplitude of RO signal and the model of the electron
density dN,(h) . Left panel . Model consist of seven independent layers dN, (%) . Right panel

. Model consists of one layer dN, (/).

amplitude fluctuations in the height interval from 30 to 110 km were caused mainly by
random noise of the receiver. The geographical position and local time of the noisy RO
events correspond to the same parameters of the noisy amplitude scintillations observed
earlier in satellite-earth links [158]. Results of simulation of the local mechanism of
ionospheric influence on the amplitude of RO signal are shown in Fig. 5.3.2. Curves 1a, 1b
describe model of the electron density distribution in two patches of sporadic E-layers with
horizontal inclination 0° and 5°. Both sporadic E-layers are disposed at the same height 96-
104 km, but the second patch is displaced along the ray path by 500 km relative to the first
one.The electron density distribution for the first patch (curve (1a) in Fig. 5.3.2, left panel) is
displaced for better comparison with the second patch (curve 2a). The influence of the first
patch on the amplitude variations (curve 1b) is seen in the height interval 96-106 km, the
influence of the second patch (curve 2b) is seen in the height interval 63- 75 km. As seen in
Fig. 5.3.2, left panel, the width of vertical distribution of the amplitude variations coincides
approximately with the size of vertical interval of the dN,(h) variations. The altitude

profiles of the electron density (curve 1), its vertical gradient (curve 2), and corresponding
height dependences of the bending angle (curve 3), phase path excess (curve 4), and
normalized amplitude (curve 5), evaluated for single ionospheric layer is shown in Fig. 5.3.2
(right panel). The width of vertical distribution of the amplitude variations is nearly equal to
vertical size of the layer measured as the width of the altitude profile of dN, (/) /dh . The

form of the amplitude reply is practically the same as S- type variations, observed in [158]
by use of the ground based tools. It follows that the proposed local mechanism of
ionospheric influence on the RO signal can be used also for analysis of the amplitude
scintillation observed in satellite-earth links. The noisy scintillations can be associated with
small-scale plasma irregularities in the F- or E- layers of the ionosphere [158].
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5.4. Variations of the S, index and solar activity

As stated above the amplitude scintillations are very important because in the case of
layered structures they are directly connected from one side- with the eikonal acceleration
and from another side- with Vertical gradients of refractivity in the plasma layers. The
emphasis in the RO studies is now concentrating on the phase variations of RO signals in
the trans-ionospheric links because direct connection with total electron content [156, 159-
161] and on analysis of the amplitude variations owing to their dependence on vertical

gradient of refractivity [65, 66, 73, 84, 85, 123, 124, 135, 162-165]. It follows that (1) the S,

index of amplitude variations can be considered as an index of the ionospheric plasma
influence on RO signal in the trans-ionospheric satellite-to-satellite links in a like fashion

with the §, index introduced formerly for the trans-ionospheric satellite-to-Earth links
[167]; (2) the S, index can be used in the satellite-to-satellite links as a radio-physical index
of activity of plasma disturbances in the ionosphere; and (3) the relative number of GPS RO
events with high values of the S, index in the satellite-to-satellite links can be used to
establish a connection between the intensity of plasma disturbances and solar activity.

We will describe the amplitude variations of RO signal by the magnitude of the §,

scintillation index

S4=[<(I—<I>)2]m/ <I>, (54.1)

where < > is the average relevant to the height of the radio ray perigee above 40 km, and
1(¢) is the intensity of RO signal. When the amplitude and phase variations are caused by

layered ionospheric structures, the S, scintillation index can be connected with the

refractive attenuation X-1 and the eikonal acceleration variations a (equation (6)):

1/2

S, =[<(x-1)*>]"=m [<a*>]". (5.4.2)

The relationships (3.4.15) and (5.4.2) give new possibility to reveal the origin of the phase
and amplitude scintillations in the near-Earth propagation medium and may have a general
significance for the trans-ionospheric satellite-to-satellite and satellite-to-Earth links. In the
following we will indicate that the S, scintillation index is a key parameter connecting the
amplitude variations of RO signal with space weather on a global scale.

Influence of sporadic solar activity can be considered in the case of solar flare during
October 29- 31, 2003. To analyze in more details the geographic and time distributions of the
amplitude scintillations in RO signal, we treat about 2000 CHAMP RO events from October

27 to November 9, 2003. The histograms of the integral distribution of the S, index, which

have been obtained for each day of measurements, are shown in Fig. 5.4.1. The ratio of the
number of cases with the magnitude S, larger, than value plotted on the abscissa, to the
total number of measurements for the corresponding day, is plotted on the ordinates in Fig.
5.4.1. The histograms in the right panel of Fig. 5.4.1 correspond to data of S, measurements
on October 29-31, as well as on October 28, November 1, and November 4, 2003, performed
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during relatively intense and weak disturbances in RO signal, respectively. The initial
histogram values for the entire period of observations are coincident and correspond to an

magnitude S, of ~2.8%, which depends on the level of fluctuations of receiver noise. Three
days, October 29-31, with considerably higher S, levels than on the remaining days are

distinguished in Fig. 5.4.1. The histograms for this time interval are much higher than for the
remaining days.
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Fig. 5.4.1. Histograms of the S; index variations corresponding to perigee altitudes of the
CHAMP RO signal trajectory (point T in Fig. 3.4.1) higher than 40 km. The curves
corresponding to the histograms for October 27 and 28 and for November 1-3 and 5-9, 2003,
are almost indiscernible in the left-hand panel. The right panel demonstrates the histograms
in more details.

The most difference between the histograms is observed in the 5%-19% interval of the S,

index with maximum about of 12% (Fig. 5.4.1, left and right panels). Value 12% of the S,
index is by a factor 4.3 greater than the level of the receiver’s noise. Therefore, in the
CHAMP RO experiments at the first GPS frequency values of S, index in the 5%-19%
interval can be considered as the most sensitive for estimation of the ionospheric influence
on RO signal. An analysis performed makes it possible to introduce RO index of ionospheric
activity R, . By definition, the R, index is equal to the ratio of the number of RO events with

the S; value of RO signal at /# > 40 km larger than three- four magnitudes of S, caused by
noise of the transmitter- receiver system to the total number of RO events for a certain time
interval (e.g., for a day). The R, variations for the period from October 27 to November 9,
2003 are shown in left panel of Fig. 5.4.2. The histograms in Fig. 5.4.1 and Fig. 5.4.2 are in
good agreement with variations in the hourly index of the solar wind magnetic field (DST,

nT) obtained from data of the satellite measurements. During October 26-28 and November
1-3 and 5-9, the DST index was almost constant, which corresponds to decreased values of
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the integrated distributions in the histograms (Fig. 5.4.1 and Fig. 5.4.2 (left panel). Abrupt
changes in the index of the solar wind magnetic field were observed on October 29-31 and
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October November
Fig. 5.4.2. Left panel: the histogram of the RO events with S; index higher than 5% according

to data of the CHAMP measurements performed from October 27 to November 9, 2003.
Right panel: the dynamics of the hourly index of the solar wind (DST, nT) according to data

from http://swdcwww kugi.kyoto-u.ac.jp/aeasy/index.html for October 26-31 and
November 1-11, 2003.
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Fig. 5.4.3. The geographic distribution of the RO events with S; index value higher than 12%
on October 26-28, 2003 (right panel) and October 29-31, 2003 (left panel). Open and filled
circles correspond to the nighttime (from 2000 to 0800 LT) and daytime (from 0800 to 2000
LT) local time intervals, respectively.

November 4, which corresponds to a twofold increase in the number of events with the
increased (larger than 12%) §, index of variations in RO signal.

The geographic distributions of increased (greater than 12%) S, index of variations in RO
signal amplitude on October 26-28 and on October 29-31, 2003 are compared in Fig. 5.4.3.
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According to Fig. 5.4.3 (left panel), the general number of events with S; index values
greater than 12% increased by 2.5 times in period October 29-31 as compared with period
October 26-28. The most important changes occurred mainly in the polar regions in
Antarctica and in the Northern Hemisphere near geomagnetic South and North poles. It is
interesting to note that ionospheric disturbances are concentrated above continents near
coasts and in mountain regions (eastern coast of Asia, Japan, Kamchatka, western regions of
South America, etc.). This corresponds to observations made previously in [160].

5.5. Geographical and seasonal distributions of CHAMP RO events

with intense amplitude variations

The geographical distributions of the intense ionospheric events (with the S; index greater
than 0.12) for all types of the amplitude scintillations in the CHAMP RO signals at 1575.42
MHz are demonstrated in Fig. 5.5.1 and Fig. 5.5.2. Note, that these distributions may be
linked to changes in sampling by CHAMP. Our analysis showed that the satellite coverage
over the relevant periods was nearly regularly distributed. Therefore these distributions
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Fig. 5.5.1 . Maps of intense ionospheric events with S; index greater than 0.12 for October
2001 (left top panel), October 2002 (right top panel), October 2003 (left bottom panel), and
April 2004 (right bottom panel). The circles show the geographical position of the tangent
point T (Fig. 3.4.1). The day-time events are marked by closed circles (local time 08-20
hours) and the night-time events are indicated by open circles (local time 20-08 hours).

contain important information on the spatial dependence of the strong ionospheric events
during the considered time intervals. The distributions of the ionospheric events indicate
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that they are concentrated in some regions (e.g., the equatorial and geomagnetic North and
South polar zones in Fig. 5.5.1 and Fig. 5.5.2). High activity in some equatorial regions may
be connected with the evening ionospheric disturbances that arise after sunset, 20-24 hours
local time, in accordance with the ground based measurements reviewed earlier [167].
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amplitude variations (with magnitude of S; index greater than 0.2) for periods May 14-July
14, 2001, (left top panel), November-December 2001 (right top panel), October 28-November
26, 2003 (left bottom panel), July 2004 (right bottom panel). The day time events are marked
by closed circles (local time 08-20 hours), the night-time events are indicated by open circles
(local time 20-08 hours).

Note that the geographical distributions of the night- and day-time events are very different.
The day-time events prevail in the North and South Polar zones. The night-time events are
concentrated mainly in the equatorial and moderate latitude areas. The most significant
difference in the geographical distributions of night-time (open circles) and day-time (closed
circles) events is observed in April 2004 (Fig. 5.5.2, right bottom panel), and in October 2002
(Fig. 5.5.1, right top panel). This indicates different origin of the day-time and night-time
plasma disturbances in the ionosphere. The number and geographical distributions of
intense ionospheric events depend on time. The maximal number of events can be seen in
May-July, October-December 2001 (Fig. 5.5.1, left top panel, Fig. 5.5.2, left and right top
panels, respectively). The minimal number of events corresponds to October 2002 (right top
panel in Fig. 5.5.1), and April and July 2004 (bottom right panels in Fig. 5.5.1 and Fig. 5.5.2,
respectively). As seen in Fig. 5.5.1 and Fig. 5.5.2, the number of intense ionospheric events
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and their intensity decreases as time from May, July, and October 2001 to April-July 2004.
This is possibly connected with a gradual diminishing in solar activity from maximal values
in 2001 to minimal values in 2004. One can estimate the seasonal dependence in the
geographical distributions of intense ionospheric events registered by the CHAMP satellite
(Fig. 5.5.2). The seasonal displacement of the regions with intense ionospheric events in the
south and north directions during the periods from May-July 2001 (Fig. 5.5.2, left top panel)
to November-December 2001 (Fig. 5.5.2, right top panel), and to September 2001 (Fig. 5.5.1,
left top panel) can be noted. The number of intense ionospheric events increases in the
North Polar Region with latitudes greater than 60° N as the time changes from May-July
2001 to November-December 2001. Also the number of intense ionospheric events decreases
at the moderate latitudes in the 30°- 60° N interval for the same time interval. The possible
cause of the seasonal dependence may be connected with two important mechanisms
governing the ionospheric disturbances. The first one is the ionizations caused by energetic
electrons in the polar regions; the second is due to solar radiation. The influence of solar
radiation has a seasonal character because ionization in the ionosphere follows annual and
diurnal motion of the ionospheric sub-solar point. As follows from this consideration, the
amplitude part of the RO radio holograms is appropriate for studying the geographical and
seasonal distributions of the ionospheric disturbances with global coverage and establishing
their connections with solar activity.

The RO signal variations are an indicator of plasma disturbances in the ionosphere. The
correlated eikonal acceleration and intensity variations of RO signal are mainly affected by
inclined ionopheric layers where an large electron density gradient is perpendicular to a
radio wave propagation trajectory. The eikonal acceleration/intensity ratio technique is a
new method for locating the inclined layered structures (including sporadic E; layers) in the
ionosphere. This technique gives the quantitative connection between the phase and
amplitude variations and allows establishing the origin of scintillation of radio signals in the
trans-ionospheric satellite-to-satellite and satellite-to-Earth links.

An analysis of the histograms of RO signal amplitude variations corresponding to the solar
event October 29-31, 2003 indicates a possibility to introduce the RO index of ionospheric
activity R,, which is in good agreement with changes in the hourly index of DST related to

the solar wind. The analysis indicates the importance of RO studies for revealing the
interrelations between the solar activity and natural processes in the ionosphere and
mesosphere.

6. Expending Applicable Domain Of RO Technique
6.1. Reflections from the Earth surface

Recovering the reflected signals in MIR/GEO (wavelength 2 and 32 cm), GPS/MET and
CHAMP (wavelength 19 and 24 cm) radio occultation experiments opened new perspectives
for bistatic monitoring of the Earth at small elevation angles. Experimental observation of
the propagation effects at low elevation angles has also principal importance for
fundamental theory of radio wave propagation. During existing and future RO missions
progress of bistatic monitoring of the earth’s surface at grazing angles is expected. Aim of
this chapter consists in analysis of radio waves propagation effects measured in experiments,
conducted during MIR/GEO and GPS/MET missions at wavelength 2, 32, 19 and 24 cm.
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Important connections between the Doppler shift and refractive attenuations of the direct
and reflected signals are revealed. These connections allow recalculating the Doppler
frequency to the refractive attenuation and open a possibility to measure the total
absorption of radio waves in the atmosphere.

6.1.1. Features of direct and reflected radio wave propagation

Earlier two-position earth’s radio-location experiments [30, 31] were essentially based on a
technique developed previously for exploration of the Moon and Venus [12, 17]. When
applied to the earth, this technique has to be refined and modified to take into account both
the significantly wider variation in the earth's natural cover and the specific way that radio
wave propagate in the terrestrial atmosphere at grazing angles [72, 74]. These conditions
differ drastically from those found in the Venusian atmosphere, which always exhibits the
critical level of refraction, and where the refraction effects show up at their strongest. In the
terrestrial atmosphere, the critical refraction level does not exist under average conditions,
so one can trace the reflected signal up to the radio shadow zone and observe its
interference with the direct signal. The aim of this section is to analyze the conditions in
which the reflected and direct signals propagate near the radio shadow zone.

6.1.2. Phase path, refractive angle and refractive attenuation

The geometry of radio waves propagation is shown in Fig. 6.1.1. Radio waves are emitting
by a satellite located at point G and then are propagating along two paths- 1 and 2.
Reflected and direct radio waves were registered by a receiver installed on a Low Earth
Orbital (LEO) satellite located at point L. The transmitter and receiver were disposed at the

distances R.,R, from the center of spherical symmetry (point O). The angle between the
directions OG and OL is equal to @. The transmitter and receiver have different velocities
Vo, v, . Point D is the specular reflection point disposed on a smooth sphere of radius a

corresponding to the average earth’s surface in the RO region.
The direct and reflected signals are propagating along the different parts through the
ionosphere and atmosphere and the central angle @is common for both trajectories GL and

GDL. In the case of spherical symmetry 6is connected with the refractive angles&,(p,),

& (p,) and impact parameters p,, p, corresponding to the direct and reflected signals via

Egs.
O=n+&, —sin'[p, /n(R)R,1-sin"'[p, /n(R,)R], (6.1.1)
0=rm—2y—¢&)—sin'[p, /n(R,)R,]-sin"'[p, / n(R;)R,]. (6.1.2)
0 =r—sin"' (p,/R)—sin"' (p,/R,), (6.1.3)
w(p,)=cos”[p, / n(a)al, (6.1.4)

where @(p, ) is the grazing angle corresponding to the reflected ray at the point D, p, is the
impact parameter corresponding to the line of sight GL, n(R;) , n(R,) , n(a) are the

refractive indexes at point G, L, and D, respectively.
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Fig. 6.1.1. Geometry of radio waves propagation (left). Doppler spectra of reflected signals

(right).

The phase path excesses of the reflected and direct signals S, , may be described by

formulas:

S, =\n* (R, R: = p? -+ (R )R: — p? =2\[n* (a)a® = p? +p, & (p,)+K.(p,) =S, (p,) 6.1.5)
S, =W (R)R: = p2 +n* (Ro)RE = p2 + puly (p)+ 5, (p) =S, (p,) . (61.6)

S,(p) =R —p: +\RZ - p? , (6.1.7)

wherex (p.), k,(p,)are the main refractive part of the phase path excess connected with
influence of vertical gradients of refractivity in the atmosphere along the ray paths of the
direct and reflected rays, S, (p, ) is the phase path in free space along the straight line GL.

The bending angles & (p,), &,(p,) and main refractive part of the phase path excess

x.(p,), kK,(p,) are connected by the next relationships:

Rg R

dn dr ¢ dn dr
éd,r(pd,r):_pd,r +
I ndrJn? (r)r* - 2., J ndr [ (e - 2.,

, (618

Rg Ry
dn 2 2 2 dn 2 2 2
Ky, (Pyg,)=— _[ —\/n (r)yr”—p, .dr + I —\/n (rr-—p, .dr|, (6.1.9)
o a ndr o ndr

where 7, is the minimal distance of the direct ray trajectory LG from the centre of spherical

symmetry (point O). The lower limits 7, and a in the integrals (6.1.8), (6.1.9) are

corresponding to the direct and reflected signals, respectively. The next connection between

the bending angle and the main refractive part of the phase path excess follows from Egs.
(6.1.8) and (6.1.9)
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$ap.)=—dr, ,(p, )/ dp,,- (6.1.10)

Egs. (6.1.5)-(6.1.10) describe the phase delays of the reflected and direct signals as functions
of the impact parameters p, , and the distances 7, , @ . The bending angles & .(p,),

&,(p;) and the main refractive part of the phase path excess x.(p,) , k,(p,) are

depending also on the altitude profile n(r) . Parameters n(R, ), n(R;) are supposed to be
equal unity. From Egs. (6.1.5)-(6.1.7) one may calculate by use of the relationship (3.4.10) the
difference of the Doppler shifts F, and /), corresponding to the reflected and direct signals.

= A, = (= p) T dy 11, Y, V=0 )RR e
[d\,(d,, +d,,)p,d,, + pd, N+ RgdR; 1 di[d, (d,, +d,)(pd,, + p,d,, N,

d, =R, -p>)", dy, =(R;'—p)",

dy = (RL2 _pdz)uz, dyy = (RG2 _pd2 )2,

=—AF. =(p,—p){(/d, +1/d,)dp. /dt—(p> - p’){R,dR, | dt

(6.1.12)

ds,
dt
[d\;(d,, +d, Np,d, + p,d, )] +RydR; [ dild,(d,, +d,,)(pd,, + pd,, N7 - (6.1.13)
n(a)a /
n(a()a)dt] P
d, = (RL2 _pr2 )1/2» dyy = (R02 _Pr2 )1/2- (6.1.14)

where A is the wavelength relevant to the carrier frequency of the emitted signals. Egs.
(6.1.11) and (6.1.13) are valid for general case of the non-circular orbits of the GPS and LEO
satellites. Egs. (6.1.11) and (6.1.13) can be simplified under condition

(pj, r psz){RLdRL / dt[dls‘ (dls + dl )(pdj rdls + psdl )]_1 +
R.dR; | dild, (d,, +d,)(p, ,dy, + pd,)] "'} (6.1.15)
<<[1/d, +1/d,)dp, / dt,

b

which is valid if ‘(pd,r —p)dR, ./ dt‘ << p,|dp,/ dl‘ . This inequality is valid for all

practical RO situations. Under indicated approximation one can obtain from Egs. (6.1.11),
(6.1.13)

d
% =—AF, =(p, - p.)1/d, +1/d,)dp, /dt, (6.1.16)

B AF =(p,—p )1 d, 11 dy )i, I di - d[”(“)“]\/ @d*—p}, (6117)
dt (@)ad
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If the atmosphere is spherically symmetric and large-scale terrain features are absent, i.e.
a = const in the region of measurements, then expression (6.1.17) may be simplified

% =(p, —p,)1/d, +1/d,)dp, /dt. (6.1.18)

According to (6.1.16), (6.1.18) the difference of the Doppler shifts of the direct and reflected
signals AF is equal to

AF = Fd _F;’ = _2’71 (pd _pr)(l / dls +1 / d2s)dps /dt . (6119)
Equation (6.1.19) may be transformed in the case of small elevation angle  to the form

dd
p,—n(a)a=h,—[n(a)-n(h, )]az—/lAFm , (6.1.20)

where 7, is the height of the ray perigee relevant to the direct signal. The approximate Eq.
(6.1.20) is fulfilled under condition > << 1. In this case the minimal height h, of direct ray

may be estimated using measurements of the Doppler shifts corresponding to the reflected
and direct signals.

Egs. (6.1.5)-(6.1.9) and (6.1.19) may be used for evaluating the difference of the phase path
delays and Doppler frequency of the direct and reflected signals. In addition to the phase

delay and Doppler frequency the refractive attenuations X (p, , ) of the direct and reflected
signals may be evaluated [14,21,30,31,53]

—1 ) 4
X(p4,) = pa Ry |RE =P \[RG = i IRRG | [sin0 00 12p,,]" . (6121)

where Rg is the distance GL, 06/ dp, , are the partial derivative which are evaluated under

condition of constancy of the distances R, , R,

00/ dp, =d&,(p,)/ dp, ~V/\R} — p} —1/R. - p} . (6.1.22)
00/ 0p, =2d&.(p,)/ dp, —2dy(p,)/ dp, =1/ R, —p] =1/\|R; —p] . (61.23)

The refractive attenuation X (p,) in (6.1.21) corresponding to the reflected signal is equal to
the product of the generalized coefficient of the spherical divergence D, and the refractive

attenuation in the atmosphere along the path 2 (Fig. 6.1.1). The spherical divergence D,

accounts for the size changes of ray tube owing to the specular reflection from the smooth
spherical surface of the earth [30, 31]. Expressions (6.1.21)-(6.1.23) may be applied for
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calculating the refractive attenuation of the direct and reflected signals using the
corresponding formulas (6.1.1), (6.1.2) which connect the angle & with the impact parameters

Py, - It is important to consider the partial case when the atmosphere is absent. For this case
the formulas (6.1.1), (6.1.2), (6.1.4), (6.1.22), (6.1.23) may be transformed to relationships

0=r—sin"'[p,, /R, 1-sin"'[p,,/R,], (6.1.24)
0=rx-2y,—sin"'[p,,/R,]-sin"[p,/R.], (6.1.25)
cosy,=p,,/a, (6.1.26)

00/0p,, =—1/\R; —piy —1/\R: = D3y (6.1.27)

80/ 0p,y =-2/\Ja* - p}, —U\[R: = >, 1/ R - p?, , (6.1.28)
S0 = \/RL2 - pfo + \/Ré - przo - 2\/a2 _przo ’ (6.1.29)

Sq0 = \/RL2 _pjo + \/Rc27 _pjo ’ (6.1.30)

AF, = 27 (Fyy = F0) = =27 (pgo = Po)1/ dy +1/ dy)p, ] dt (6:1.31)

where y/ is the grazing angle, S, ,, are the phase path delays, AF, is the difference of the
Doppler shifts F,,, F, relevant to the direct and reflected signals, p,,, p,, are the impact

parameters corresponding to the trajectories of the reflected and direct signals in the case of
free space.

Below we will consider an important relationship, which connects the derivative of the
Doppler shifts with respect to time and the refractive attenuation of radio waves. If the
atmosphere is spherically symmetric and and surface roughness is absent, under conditions

<< p, , (6.1.32)

(P, —p,)d(@6/8p,)/ di|<<|(dp,, | dt—dp, | d)d0 dp,

‘pd,r — D

one can obtain according to Egs. (6.1.16) and (6.1.18) the next approximated relationships

dF d, -
dr _ | @Par _ dp, m ap. , (6.1.33)
dt dt dt dt
2
m= %[@j , (6.1.34)
R, \ar
-1
L N T (6.1.35)
dt dr ) \dr  at

where m is slowly changing function of time which may be determined from the satellites
orbital data. By use of equation dp/dt—dp, /dt =[X (t)—1]dp, / dt, [22], which is valid for
direct and reflected signals, one can obtain from (6.1.33)-(6.1.35)
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zdFd"‘—(l X, ), X, =1 idF”’” 6.1.36
mi—t=(1-X,,), X, , =1-mi—=, (6:1.36)
dAF _
——=—(md) (X, -X,). (6.1.37)

It follows from Egs. (6.1.36) that the derivative of the Doppler frequencies F, , with respect
to time is proportional to the refractive attenuation variations of the direct and reflected
signals, respectively. Usually value X, is many times greater X, . So in the free space when
X, =1 the derivative of difference AF' is nearly constant because m is a slowly changing

parameter

dAF

——x=(mA)" (6.1.38)

The second equation (6.1.36) allows computing the refractive attenuations X, , directly from

the phase and/or frequency data. This is useful for avoiding the refractive attenuation from
the amplitude data and estimating the total absorption of radio waves at the paths 1 and 2
(Fig. 6.1.1). Value X, accounts for the generalized spherical divergence factor and the
refractive attenuation of the reflected waves along the path 2. This opens the way to
measure the reflection coefficient of the earth’s surface which includes the total absorption
of radio wave along the ray path 2. According to theory of radio waves scattering [31, 168],
the reflection coefficient of the Earth as a planet observed from outer space is related to

parameter X, as follows

() = XXV (p)Py) , (6139)

XX

where y,, y,are the total absorption coefficients of radio waves on the paths 1 and 2;
®(y) is the factor that accounts for influence of the large-scale terrain features, shadowing,
and some other effects; and ¥ *(y) is the reflection coefficient of a plane wave incident at a

grazing angle y on an atmosphere-ground interface. The coefficient V'* () depends on the
permittivity & of ground and polarization of radio waves. If emitted radio waves and
receiving antenna are circularly polarized, the coefficient V(i) is related to the grazing

angle v and the permittivity ¢ as follows

Vip)=(s,+s,)" 14, s, =(A=1)/(4+]),
s, =(cA=1)/(cA+1), A=siny /(¢ —cos’ y)">

Values of the parameter & relevant to the sea surface are known from experimental data

(6.1.40)

[169]. The factor ®(y ) in the decimeter range is nearly equal to unity at grazing angles.

Therefore equation (6.1.39) enables measurement of the total atmospheric absorption of
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radio waves from measurements of X, and reflection coefficient 7° from the phase and

amplitude data, respectively. Below analysis of RO data obtained during MIR/GEO RO
mission [30, 31, 170] will be provided.

6.1.3. Reflected signals in MIR/GEO RO measurements

Scheme of the MIR/GEO RO experiments [30, 31] is shown in Fig. 6.1.1 (left panel).
Transmitter installed on the orbital station “MIR” (point L) emitted at wavelength A =32
and 2 cm monochromatic radio waves which have been registered by receivers installed on
a geostationary satellite (point G) [29]. RO signals have been transmitted from geostationary
satellites to a ground based station for analysis. Open-loop phase tracking method was used
for removing Doppler effect due to orbital motion of the satellites and expected atmospheric
influence. Then a spectral method was applied for revealing reflected signals in the RO data.
The Doppler spectra of RO signal reflected from the surface of the Indian Ocean are shown
in Fig. 6.1.1 (right panel, wavelength A =32 cm). The Doppler frequency (expressed in Hz)
is shown at horizontal axis, the spectral intensity of reflected signal (normalized to the
spectral intensity of direct signal) is given on vertical axis. The data are shown in succession
with time interval between neighboring spectra equal to 1/3 s. As follows from Fig. 6.1.1
the distribution of spectral power density of reflected signal depends on time and may be
connected with features in long-scale slope variations of the sea surface and physical
properties of boundary layer of the atmosphere.

Reflected signal has been observed also at wavelength 2 cm during RO event 28 May, 1998.
Time-Doppler frequency story of signal reflected from the Aral Sea is shown in Fig. 6.1.2. A
weak reflected signal (sharp strip above, near frequency 20 KHz) is observed together with
the more intense direct signal (broad bright strip below near frequency 25 KHz). Difference
of Doppler frequencies of reflected and direct signal gradually diminishes as the time
increases. Reflected signal disappeared after departure of a specular point from Aral Sea
because roughness of the land surface.

REFLECTED SIGNAL IN THE TIME-
FREQUE DOMAIN (end)
& " N Ciaaad

REFLECTED SIGNAL AS FUNCTION OF TIME AND
FREQUENCY (begin)

DIRECT SIGNAL AS FUNCTION OF
TIME AND FREQUENCY

2 & ; :
Fig. 6.1.2. The time-Doppler frequency stor
data, wavelength 2 cm).

6.1.4. Influence of boundary layer on parameters of reflected signal

In Fig. 6.1.3 (right panel) dependence of the Doppler frequencies difference AF'(¢) (Hz) of the
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direct and reflected signals is shown as a function of time ¢ for RO event December 25, 1990.
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The RO region located above the Indian Ocean at 31.2° S latitude and 68.2° E longitude. Curve
1 describes experimental data, curves 2, 3 correspond to two models of AF'(¢) . The first model

describes the function AF(¢) for the case of free space propagation (curve 2). The second

model shows influence of the real atmosphere with the near surface refractivity equal to
N, = 350 N-units, and vertical gradient dN(h)/dh= -36.8 (N-units/km) (curve 3). As

follows from Fig. 6.1.3 (left panel) the atmospheric influence is essential near zone of radio
shadow. Intensity of reflected signal has sharp changes near radio shadow region. Reflection
coefficient varies from nominal level 0.02...0.04 up to 0.08...0.14 in the time interval 250...270 s
and then indicates sharp changes from 0.03 up to 0.5. These variations reveal horizontal
inhomogeneity of the atmosphere along the trajectory of motion of the specular reflection
point. As follows from model [30,31] the reflection coefficient depends on the vertical gradient
of refractivity in the boundary layer. Theoretical dependence of the refractive attenuation of
reflected signal on the vertical gradient of refractivity is given in Fig. 6.1.4 (left panel). The
central angle € is shown at the horizontal axis. The refractive attenuation of the reflected
signal is shown on the vertical axis in Fig. 6.1.4. Curve 1 corresponds to the case when the

atmosphere is absent. Curve 2-5 are relevant to the vertical gradients equal to dN(h)/dh =
-35.4 N-units km? dN,(h)/dh=-43.0 ; dN,(h)/dh=-50.0 and dN,(h)/dh=-57.0 N-

units km™. The angular position of radio shadow is different for indicated values of vertical
gradient dN(h)/dh and changes from 102.3° (absence of the atmosphere, dN(h)/dh=0) to

103.5° (dN, (h)/ dh = —35.0), 103.75° (dN, (h)/ dh = —43.0) , 103.9° (dN,(h)/dh = —50.0),
t0104.1° ((dN, (h) / dh = =57.0) .

n2 (_t_) AF.Hz

MIR/GEO December 25, 1990

Indian Ocean

|

' oo Lk 2T
"'N‘ﬁnﬁ‘ﬁ'#m‘j\ |'I,ﬁ‘ "dﬁ "q.f W‘w \ ‘iuﬁluhl

0
250 260 270 t.s 225 250 2751, s

Fig. 6.1.3. Comparison of measured and theoretical values of the reflection coefficient 7°(¢)

(left). Doppler frequencies difference AF'(¢) of the direct and reflected signals (right).
As follows from Fig. 6.1.4 the refractive attenuation of reflected signal near the boundary of
radio shadow is a sharp function of the central angle & and vertical gradient dN(h)/dh .
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Thus the amplitude of reflected signal near the radio shadow is an indicator of vertical
gradient of refractivity in the boundary layer of the atmosphere.

X a2
0016 =@ MIR/GEO
e 0.06 December 25, 1990
- Indian Ocean
0012
R 0.04
0.008 |
[ 0.02
0.004
1 [ 1 | ]
101 102 103 6, degrees 0 100 200 s

Fig. 6.1.4. Dependence of the refractive attenuation of reflected signal on the vertical
gradient of refractivity (left). Comparison of the measured and theoretical values of the

reflection coefficient 7°(¢) (right).

6.1.5. Estimation of the total absorption of radio wave
from parameters of reflected signal

The following relationships for 7° () are satisfied under condition R, siny << a [31]

") =V() x,[001/dp,]/[x, 00/ dp. 1=V (W) . X, (2, X.).  (6141)

Values of the refractive attenuations X, , X, along the path 1 and 2 may be measured by
use of the phase data as shown in section 6.1.2. Therefore measurements of the reflection
coefficient 77°(¢) and knowledge of ¥ *(y) enable estimation of the ratio of total absorptions

X!y, along the path 1 and 2 (Fig. 6.1.1). In the decimeter range the atmospheric

absorption along the path 1 is small and the total absorption coefficient y, is near to unity.

However, the radio waves propagates along the path 2 through all altitudes in the
atmosphere at near grazing angles and are more sensitive to the absorption effect.

The RO measurement session was conducted at wavelength of 4 =32 cm during the MIR
orbital station immersion into the Earth's radio shadow. The reflected wave was received at
a geostationary satellite. The reflected and the direct signals were retransmitted from the
geostationary satellite to an ground based receiving station in an analog format and have
been recorded on a magnetic tape in an analog format. Then signals were converted to a
digital format and processed by usage of trajectory data of the MIR orbital space station.
Processing yielded the form and power of the Doppler spectrum of the reflected signal and
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its position relative to the direct signal as given by difference of the Doppler frequencies
AF(t) . The reflection coefficient 7°(¢) was computed from measured powers of the

reflected and direct signals. The measured reflection coefficients 7°(¢) are shown and

compared with their equivalents in Fig. 6.1.4 (right panel). Values of the experimental
reflection coefficients are shown on vertical axis. The elapsed time from the session start is
indicated on the horizontal axis in seconds. Curves 1-3 represent the numerically calculated

reflection coefficient in presence of the atmosphere for N;,= 320 N-units and

dN(h)/ dh = —40.5 N — units km™' . These magnitudes of Ny and dN(h)/ dh agree with the
standard refractive index profile in the atmosphere [61]. Curve 4 describes dependence
772 (¢) on time for the case when the atmosphere is absent. Curves 1, 2, 3, and 4 have been

calculated for the sea-water conductivity of ow=2.7, 4.0; and 7.0 mhos/m, respectively.
According to [169], the real part of the permittivity has been taken to be equal to 79. Curve 5

has been constructed for o, =4 mhos/m, with accounting for the total absorption in

atmospheric oxygen. Curve 6 is an experimental one. The time instant when the MIR orbital
space station entered the geometrical radio shadow relative to the geostationary satellite
corresponds to an intersection of curve 4 with the horizontal axis. The experimental
reflection coefficient reached a maximum in the radio shadow zone and is subjected to
significant variations. Outside the radio shadow zone, curve 5 satisfactorily fits in average

the experimentally measured reflection coefficient 7°(f) . Comparison of curve 5 with

curves 1-3 shows that the total absorption by the atmosphere over measurement site was
equal to 4.8+1.2 dB. This corresponds to an average absorption coefficient of 0.0096+0.0024
dB/km for the path length of radio wave in the atmosphere equal to 500 km. This value
closely agrees with the absorption in atmospheric oxygen as measured by the radio

occultation technique in [29] and also with theoretical and experimental values reported in
[128].

6.1.6. Radio image of boundary layer and reflective surface

For more careful analysis of connections of parameters of reflected signal with structure of
the boundary layer it is useful to consider radio image of the troposphere and reflective
surface. Radio image indicates multibeam propagation and resolves different rays
propagating in the boundary layer. A radioholographic method has been applied to obtain
radio image of the boundary layer and terrestrial surface [52, 73]. Examples of radio images
of the Earth surface and boundary layer of the troposphere are shown in Fig. 6.1.5 and
Fig. 6.1.6.
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Fig. 6.1.5. Vertical distributions of radio brightness in the troposphere and signals reflected
from the earth’s surface at the first GPS frequency L1.

These radio images were obtained from GPS/MET RO data at two frequencies f, = 1575.42
MHz (Fig. 6.1.5) and f, =1227.6 MHz (Fig. 6.1.6). The height along the visible Earth’s limb

as seen from the LEO satellite is shown along the horizontal axis. Negative values of height
correspond to signals reflected from the Earth’s surface. Fig. 6.1.5(a) shows a narrow (half-
power width ~ 20 x4 rad) single ray in the mesosphere at the 56 km altitude. This translates

into the vertical resolution of about 60 m. Fig. 6.1.5(b) shows the complex rays structure
about 1/2 minute later for the same occultation event. Here the perigee point of the direct
ray lies deep in the lower troposphere between 1 and 2 km above sea level. This figure also
includes a weaker signal corresponding to a near-specular reflection from the ocean. The
similar examples of radio images of the Earth’s surface and boundary layer of the
troposphere at frequency f, are shown in Fig. 6.1.6. Fig. 6.1.5 and Fig. 6.1.6 allow following

a time story of reflected signal. The reflected signal is separated from direct ray in the right
panel of Fig. 6.1.5 and in left panel of Fig. 6.1.6. In right panel of Fig. 6.1.6 phenomena of
conjunction of direct and reflected signal near a radio shadow zone is clearly seen. This
phenomenon has been observed earlier in MIR/GEO data above the Indian Ocean [30].
Above the sea surface vertical gradient of the refractivity is diminishing because the
humidity influence and therefore an effect of disruption of trajectory of reflected signal from
the Earth’s surface is arisen and one may observe its propagation in the boundary layer to
direct ray. A theory describing conditions in the atmosphere for initialization of this
phenomenon has been elaborated in [30, 31, 170]. It follows from this analysis, that the
parameters of the reflected signal near radio shadow zone are the function of the
meteorological parameters of the boundary layer.
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Fig. 6.1.6. Vertical distributions of radio brightness in the troposphere and signals reflected
from the earth’s surface at the second GPS frequency F2.

6.2. Absorption of radio waves and possibilities

of monitoring of water vapor and clouds

Centimeter and millimeter radio waves experience attenuation in the troposphere, since the
absorption lines of oxygen and water vapor are located in this range. For analysis of the
radio wave attenuation the absorption coefficient y was introduced, assuming, that

decreasing of the power density by value dP is proportional to the elementary length of
radio ray dx and the initial value of the power density of radio wave dP =—yPdx . The

total absorption, equal to the decrease of value P relative to the initial power F,, is
determined by the expression

Y= P/ P, =exp(—[ y(h) ). 6.2.1)

Integration is performed along the ray path in the interval of the atmospheric part of the
communication link GL with accounting for dependence of the absorption coefficient y on

the height. Since troposphere contains two absorbing gases, the total absorption coefficient
on an unit length is expressed in decibels, then y =y, +y,, where y and y, are,

respectively, the absorption coefficients of water vapor and oxygen.

The molecule of water vapor has a constant electrical torque which interacts with
electromagnetic field and causes the absorption of radio waves. Three lines of the resonance
absorption are located at frequencies 22.3 GHz, 183.4 GHz and 323.8 GHz. The theory of the
radio wave absorption by water vapor was described in [171, 172], comparison of the theory
with experiments revealed a distinction and this required specification of the parameters of
absorption lines. As it turned out it is necessary to account for the contributions of
absorption, caused by the wings of the remote spectral lines [173, 174] . Multiple
measurements of the absorption of millimeter radio waves by water vapor were
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accomplished. These experiments showed that, in accordance with the theory, is
proportional to the absolute humidity and the square of pressure. The temperature

dependence is more complex, it can be approximately proportional to function 7' .
Therefore the absorption coefficient by water vapor can be given by the approximate
formula

yo=w, B} T F(2) . (6:22)

This presentation is convenient, because the meteorological parameters: the humidity w_,

pressure P and temperature 7', as functions, depending on the height, are marked out as

separate factors. The effect caused by the form of the absorption line required the quantum
mechanical analysis is described by the function F(A) . It is necessary to note that this

factor selection is approximated, since the form of the spectral line also depends on the
pressure and temperature. For the near surface’s conditions P, =1 atm, T = 15°-20°C
dependence of the absorption coefficient of the water vapor on frequency for f <200 GHz is
determined by the approximated formula

a,

al
(f-223)°+ B +(f—183.4)2+,6’2

7, =|0.067+ } fPw, 107, (62.3)

The physical values in (6.2.3) have the next dimensions: y — dB-km-1, frequency f — GHz,
the humidity w, — g-m-3. The parameters in this formula for temperature equal to 15° and
20°C have, respectively, the next values: ¢, =3 and 2.4; a, =10 and 7.3; f, =7.3 and 6.6;
B, =9 and 5. The results of calculations (solid curve) and measurements (data points) of the

absortivity coefficient of the radio wave by water vapor near the earth’s surface when % =0,
P =1 atm, T =293°K, w, =7.5 gm-3 are shown in Fig. 6.2.1. In the papers [175-178] the

results of evaluation of the millimeter radio wave’s absorption by the water vapor are
shown for different values of pressure and temperature.

Molecule of oxygen has the magnetic dipole momentum that causes appearance of the
single absorption line at the frequency 119 GHz and a group lines at frequency 60 GHz.
When the pressure is near one atmosphere the lines of this group resolved and looks like
one broad line; the resolution of these line may be achieved at the altitudes greater 15 km.
The theory of radio wave’s absorption by oxygen is described in [179, 180]. With aim to
determine more accurately the absorption coefficient by the oxygen many efforts were
applied for evaluation of the spectral width of these lines, their relative intensity, their
dependences on the pressure and height [181-186]. The absorption coefficient of oxygen
depends on the pressure and temperature; this dependence can be approximated by formula

y,=P> T E/(). (6.2.4)
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Fig. 6.2.1. Dependence of absorption of the water vapor on the wavelength.

Function F, (1) near the resonance line of absorption is also dependent on the pressure and

temperature. At frequencies f <56 GHz the absorption coefficient for oxygen is given by

the formula

6,6 9 o
y"{f2+0.33+(f—57)2+1.96}f 10 (6:25)

This formula corresponds to P, =1 atm, 7 =20°C and includes frequency expressed in
GHz, and y, given in dB-km-1. dependence of the absorption coefficient of oxygen on upon

wavelenght A is shown in Fig. 6.2.2 for indicated values of P and T. The line in this Figure
correspond to the theoretical, and the points give the experimental values of the absorption
coefficient. Absorption of centimeter and decimeter waves by oxygen is carefully analyzed

in paper [128]. From data of this paper the absorption coefficient y, has next values when
h =0:for A =21-26 cm y, =- 0.016 dB-km-1, when A =16-19 cm - 0.013. In the range A =3-
15 cm - 0.012, and for A=1.8-25 cm - 0.015 dB-km-l. The error in the experimental
determination of y,, is about £ 0.003 dB-km-1.

The short description of the absorption coefficients as function of the altitude is valid under
the standard conditions, corresponding to the background values of the pressure,
temperature and humidity near the earth’ surface. In the problem of RO sounding it is
necessary to determine the attenuation, corresponding to the radio ray LG, passing through
the troposphere. This requires accounting for the changes in pressure, temperature and
humidity with height. If one excludes from the consideration the centers of absorption lines
having the large attenuation, then it is possible to provide the simple analysis of the
problem. In [187, 188], it was indicated, that, if one accounts for the altitude dependences of
humidity and temperature, then the altitude profiles of the oxygen and water vapor
absorption coefficients are described by nearly exponential law

7y =74 (0) exp (—hHw_l),

(6.2.6)
Yo =7,(0) exp (—hHO_l).



144 Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere

—
o
o
r
o
—
o
-
w
~

3 Z,mm

>
=

o

db lem 1

0.1

T T IIIIII|
L1011 Illlt

0.01

| | | | | |
1 2 3 1/acem—]

Fig. 6.2.2. Absorption coefficient of atmospheric oxygen.

Here H  and H,are parameters, characterizing the diminishing of the absorption when the
height increases, and y_(0) and y,(0) are correspond to 4 =0, and can be found from

formulas (6.2.3) and (6.2.5). dependence y, (0) and y,(0) on the wavelength is shown in
Figs. 6.2.1 and 6.2.2. The total absorption of the radio wave along the radio ray LG is
determined by the sum Y =Y_ +Y,, where

Y, =exp [—;/W (0) J.exp (—hHW’l) dx},

Y, =exp [—}/0 (0) Iexp (—h]—]o‘l) dx] (027

During evaluation Y one may fulfilled integration along the straight line 7x , and the
influence of refraction may be accounted for only for determination of the height of the
radio ray perigee T-H (Fig. 4.3.1). In Fig. 4.3.1 the arbitrary point on the radio ray is
located at the altitude /. Since the altitudes in the atmosphere are many times smaller the
earth’ radius 4 << a, then from Eq. (6.2.7) it follows

Y,=7,(0) (2zraH,) exp (-H H,"), (6.2.8)
Y,=7,(0) (2raH,) exp (-H H,™). (6:2.9)

Egs. (6.2.8) and (6.2.9) give dependences of the total absorption, caused by influence of
oxygen and water vapor on the minimal height of radio ray H. It follows from (6.2.8) and

(6.2.9), that the altitude dependence Y (/) is determined by the parameters H  and H,
[187-191].
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Absorption by oxygen is stable, it experiences insignificant annual changes and parameter
H ,is concentrated in the interval 4.3-5.1 km. In the broad range of decimeter and centimeter

waves from A =19 cm up to 4 =2 cm one may consider y, as a constant parameter which is

equal to 0.014 dB-km -1, therefore the total absorption by oxygen is expressed by a simple
formula

Y, (H)=62exp (0.2 H), (6.2.9A)

(4]

where Y, and H have dimensions dB and km, respectively. It follows from formula 6.2.9A,
that for the centimeter waves near the earth’s surface ¥, =6.2 dB, for # =5 km one has
Y, =2.3 dB, and when H > km the absorption due to oxygen is negligibly small.

It is necessary to account for the altitude dependence of the refractive attenuation X(H)

during determination from the RO data the absorption of decimeter waves caused by
influence of oxygen. The results of determination of the oxygen absorption ¥, at 4 =32 cm

are published in [192]. The authors analyzed the data of five RO sessions conducted above
the Indian Ocean, accounted for the theoretical dependence X(H') and found the absorption

Y, =55+1 dB when /4 =0, and Y, 2 dB at the altitude H =4-5 km. These data are well

corresponding to the magnitudes calculated from (6.2.9A).

The usage of the absorption effect of centimeter and millimeter radio waves is necessary to
control the distributions of water vapor and water content in the clouds. A preliminary
analysis of the radio wave’s absorption was conducted in [21, 193]. According to this
analysis the large absorption of millimeter radio waves may make difficult the realizations
of radio occultation experiments in the troposphere. Analysis, conducted in [21, 193],
indicated, that the centimeter radio waves experience less absorption, this makes
perspective their usage for monitoring of the distribution of water vapor in the clouds [194].
The water vapor absorptiones determined the water content; therefore it depends on
seasonal and local meteorological conditions. A careful analysis of the radio waves

absorption by water vapor is conducted in [177, 190], where values of the parameters H
and y,(0) have been estimated. From data of these papers for the moderate latitudes, when
the wavelength is changing from 3 cm up to 0.8 cm in winter H, = 2.5 km, and in summer

H, =18 km. This parameter is proportional to the integral water content of the

atmosphere; it may change from 0.8 km up to 29 km. At wavelength 4= 135 cm
corresponding to the resonance absorption of water vapor the attenuation of radio waves is
especially large. The standard profile of meteorological parameters was used in [21, 193] for
evaluation of the altitude distribution of the absorption coefficient y (%), calculation was

fulfilled for the average climatic conditions, typical for 60° Northern latitude in July
(temperature near the earth’ surface T=287K, the pressure P=760 mm, the humidity w=11.1
g-m-3) and in January ( T=257 K, P=760 mm, w=2.1 g-m-3). The altitude distribution of water
vapor corresponds to a model of «<humid» stratosphere: from surface up to tropopause -
monotonic diminishing, above the tropopause up to 30 km- slow growing; the temperature
is also decreases with height up to the tropopause, and then increases. The absorption
coefficient of the molecular oxygen was evaluated from a quantum mechanical formula
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given in [183], its dependence on the temperature and pressure has been accounted for. The
absorption coefficient of the water vapor has been evaluated from an engineer method,
described in [176]. The results obtained by use of this method coincide with the
experimental data for the standard conditions in the atmosphere. The results of evaluation
of the total absorption Y for A=1.35 cm are presented in Fig. 6.2.3; curves 1 and 2
correspond to the absorption coefficient relevant to January and July. The relative
contributions of the humidity and oxygen in the absorption coefficient depend on time and
on the wavelength. At 4 =1.35 cm in summer the absorption in oxygen may be neglected,
however in the winter time, when the humidity is diminishing, the contribution of oxygen
into the absorption may be compared with the contribution of water vapor. The absorption
is essentially greater in summer, than in winter, this is connected with the humidity change

and indicates the high sensitivity of dependence Y (/) to the distribution of water vapor in

the atmosphere. For evaluation of the absorption Y (/') the model of «<humid» stratosphere

has been used. This model accounts for an increase of the water vapor content above the
tropopause; this explains no monotonous character of curves 1 and 2 with presence of
sagging.

It follows from Fig. 6.2.3 that the RO technique is sensitive to vertical distribution of
humidity: if suppose that the error in the amplitude measurements does not be greater than
1 dB, then the water content may determined at wave length 4 =1.35 cm in the range 20 to
30 km altitude. For A4 >>1.35 cm the absorption is diminishing, it is possible to conduct the
experimental determination of dependence Y(H) at lower altitudes for different

meteorological conditions.
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Fig. 6.2.3. The altitude dependence of the total absorption of the water vapor and

atmospheric oxygen for 4 =1.35 cm.

The experimental investigations of absorption were accomplished in the communication
link MIR -geostationary satellites [194]. For determination of absorption it is necessary to
obtain the experimental dependence of the field strength of radio wave on the height of
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radio ray perigee E(H), and then exclude the refractive attenuation. For excluding of the
refractive attenuation the results of simultaneous measurements of the field strength E; of
decimeter 4, =32 cm and E; of centimeter 4, =2 cm radio waves were used. Since the

refractive attenuation is independent on the wavelength, the ratio £, / E, determined the

additional total absorption at the centimeter waves caused by the water vapor under
assumption, that the absorption of decimeter and centimeter waves by the oxygen is the
same. For obtaining of the reliable altitude dependence of the total absorption it is necessary

to use the results of several measurements of the altitude profile Y (H ) above different
regions, the results of the independent measurements have been averaged in the interval
AH =~ 0.2 km. In Fig. 6.2.4A the points are indicating values of absorption of centimeter
radio waves Y, , obtained during RO measurements above the Pacific Ocean near the
Aleutian Islands conducted on December 22 and 28, 1991. dependence of the total
absorption of centimeter radio waves on the minimal height Y (/) , obtained from
measurements above the Kazakhstan conducted on June 28 and July 02, 1991, are shown in

Fig. 6.2.4B. Despite different regions, the difference in climatic conditions and seasons, the
average values of the total absorption at the same altitudes are distinguishing

insignificantly: at / =0 in the region of the Aleutian Islands Y, =14+3 dB, and above the
Kazakhstan Y, =12+3 dB. The consistence of the boundary layer of the atmosphere located

near the earth’s surface exerts significant influence on the spread of values ¥, at #/ =0km.

More accurate values of absorption of centimeter radio waves were determined at the
altitude /H = 0.4 km; at this altitude in the region of the Aleutian Islands ¥, =11+2 dB, and

above Kazakhstan ¥, =9+2 dB. Analysis of the results of eight RO easurements sessions

above the sea and continental regions indicated, that in the altitude interval from 4 up to 5
km the absorption Y, in average is equal to 3.8+1 dB.
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Fig.6.2.4. Total absorption of radio waves (A =2 cm) in different regions.

Analysis of two RO experiments, accomplished on December 25 and 26, 1991, above the
Indian Ocean indicated that at /7 =0 the absorption Y, =11.5+2 dB, and at // =4 km it is

equal to 3+1 dB. In the height dependence Y_ (/) in the altitude interval from 1.5 up to 2.5
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km a feature - a significant rise of the attenuation, caused by the absorption of radio waves
in the clouds - has been observed. The authors of publication [194] used the found

dependences Y, (/) and formula (6.2.8) for comparison of the theory and experimental data
and obtained, thatat /, =1.5 km and y,, (0) = (1.6£0.3)-102 dB-km-! the experimental data

are corresponding to results of evaluation from (4.6.8). The curves in Fig. 6.2.4 found from
the formula (6.2.8) under the indicated values of y, (0)and H  , showed the satisfactory

correspondence with the experimental and theoretically evaluated dependences of Y, (H).

The exponential altitude dependence of the total absorption of radio wave by water vapor
is based on the assumption about of the exponential diminishing of the water vapor
concentration with increasing of the altitude in the troposphere. This assumption in average
corresponds to the practice; however the altitude humidity distribution for a local region

depends on the season and meteorological conditions. The y, (0) values obtained in the

winter above the sea and in the summer period above the continental regions, are
distinguishing by two times; in winter above the sea the absorption is greater, than in
summer above the land. With accounting for the meteorological data about of the specific
humidity in measurement regions the normalized value of the absorption coefficient of

water vapor was determined: y_ /w, = (2.240.4)-10-3 dB-km-'m3-g-1. This value corresponds
to the results of the radiometric determination of absorption at wavelength A =2 cm
published in [128]. By use of this value y, / w_ one can determine from measurement of Y,

the value of the absolute humidity w; from the data of RO measurements conducted near

the Aleutian Islands w, =14 g-m-.

A theoretical analysis of the possible monitoring of the water vapor vertical distribution
with usage of the dual frequencie RO measurements is given in [195]. The authors showed

that the usage ranges A, ®1.75 cm and A, ~1.48 cm allows measuring vertical dependence
of the integral water vapor absorption Y (/) and finding from these data the altitude
distribution of the atmospheric water content w (%) . The usage of the ratio Y, /Y, relevant
to the ranges /4, , excludes the interfering influence of the refractive attenuation, radio wave

fluctuations and absorption by the oxygen.

Analysis of the radio waves absorption by the clouds is more difficult, since their types,
water content, altitude and horizontal distribution distinguish very significantly
Meteorologists distinguish ten basic forms of the clouds. These forms are separated in many
different kinds of the clouds structures. The most often encountered forms- the stratus
(layered) clouds. These clouds are relatively homogeneous, have large horizontal size and a
clearly determined vertical stratification . Meteorologists distinguish the stratus clouds of
the lower level (0.5-1.8 km), moderate level (2-3.5 km height interval) and the upper level
(with the height more than 4 km). For analysis of the absorption accounting for the
contribution from the clouds of the lower and moderate level is important, where the stratus
clouds have a liquid-drop structure. The upper level of the stratus clouds is located in region
with negative temperature, where the water exists in the ice form; this part of the stratus
clouds does not give any notable contribution in the radio waves absorption. The
attenuation of the centimeter radio waves may be significant during radio occultation
investigation of the extended in the horizontal direction stratus clouds of the lower level,
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and in the equatorial regions essential contribution will be obtained from the clouds of
moderate level.

Let us consider two models of vertical distribution of the absorption coefficient y_ (/) of the
layered clouds. The first model contemplates, that above and below a layered cloud the
absorption is absent, and inside the cloud between the altitude %, (the upper boundary) and

h, (the lower boundary) the absorption coefficient has the constant value y, . The second

model described the absorption coefficient, (/) by use of a relationship

7:(h) =y, exp [—0@2 (h—h3)2] (6.2.10)

where y is the absorption coefficient in the maximum of water content in a layered cloud,
hs is the altitude of this maximum, and parameter ¢, determines the altitude velocity
diminution of the water content. The absorption in the stratus clouds Y, is determined by
integration of the absorption coefficient y (/) along the axis x (Fig. 4.7.1), where x =0
locates in the point T

Xm

Y.(H)=2 j v.(h) dx, (6.2.11)

where O
x, =[ 2a (h,~-H)]", (6.2.12)
h=H+x"/(2a). (6.2.13)

Here a is the Earth radius. It is accounted for in the Egs. (6.2.11-6.2.13) that a >> h,, where

h, =10 km is the altitude in the troposphere, above which the absorption in the cloud may

be neglected. For the first model of a homogeneous cloud with the sharp upper and lower
boundaries it follows from Eq. (6.2.11)

Y (H)=0 when H >k,

c
172

Y,(H)=2y, | 2a (h—H)] when hp<H<hi, (6.2.14)

c

Y. (H)=2y, {[ 2a (h—H)] N -[ 2a (h,—H)] ”2} when H<h.

For the second model from Egs. (6.2.10) and (6.2.11), with accounting for Eq. (6.2.13), one
can obtain

Ym

2 2
Y (H) =2y, j exp {—0@2 (H —h, +;—a] ] dy . (6.2.15)

0
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The calculated altitude dependence of absorption Y, (/1) is presented in Fig. 6.2.5 for two
models of the clouds: curves 1 and 2 correspond to the first and second model, respectively,
at wavelength A =2 cm. For evaluation of Y, (H) the next values of parameters were chosen:
h =24 km, h, =19 km, for the first model and 4, =2.15 km for the second model.
Parameter y, for both models was equal to 0.1 dB-km-1 and value «; =3.54 km-1.

It follows from Fig. 6.2.5 that both modes give nearly the same dependences Y (/1): the

maximal absorption is about of 13-16 dB at // = 1.9 km, and at the altitudes H =0.5 km
absorption is near 4 dB. It follows from Fig. 6.2.5 that in the communication link satellite-to-
satellite the significant absorption of the centimeter waves should be observed with a typical

sharp increasing of Y, at the altitude H near the upper boundary of the cloud and

decreasing in absorption at the altitudes H smaller than the height of lower boundary of a
stratus cloud. In practice the layered clouds have a complex vertical profile, often with two

and rare with three maxima in water content, therefore dependence Y (/) may have also

several maximum of absorption at different altitudes.

Y.db [ | [ [
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Fig.6.2.5. Altitude dependence of absorption of radio waves for two models of the stratus
clouds; 4 =2cm.

Let us compare the results of the absorption measurement during radio occultation of the
clouds along the radio ray satellite to satellite, Y. and during propagation of radio wave in

vertical direction Y, . In the case of measurements in vertical direction, for example, by an

ground based radiometric device oriented to zenith, the absorption relevant to the first
model the clouds is given by equation

Y. =y, (h—h,). (6.2.16)
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The same value for the second model will be
Y=y, 7" a". (6.2.17)

It follows from Egs. (6.2.16) and (6.2.17), that for the indicated values of the absorption
parameters Y relevant to vertical propagation of radio wave are very weak and are equal to

0.05 dB for both model. However in this case in the communication link satellite-to-satellite
the large values of absorption will be observed. The combined contribution of the water
vapor and clouds absorption at A =2 cm is presented in Fig. 6.2.6. As follows from this
Figure at the altitudes H =4 km, in the absence of the cloud’s influence a weak absorption
by water vapor should be observed equal to 2 dB. In the maximum of absorption at the
altitude H = 2 km the attenuation will achieve 17 dB, and before immersion of a satellite
into the earth’s limb, at the altitude H = 0.5 km, the attenuation will be equal to ¥ =11 dB.
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Fig.6.2.6. Theoretical dependence of the combined absorption of radio wave by the water
vapor and clouds.

For determination of the altitude dependences of the radio wave attenuation presented in
Fig. 6.2.5 and 6.2.6 values of the cloud absorption parameters, obtained in papers [128, 177]
from data of the ground based measurements, were used. The corresponding information
for the centimeter radio waves has insufficient accuracy; therefore the Fig. 6.2.5 and 6.2.6

give only approximated dependences Y (/). During determination of the experimental

dependences Y (H) from data of RO measurements in the communication link station MIR-

geostationary satellite it was necessary to diminish the interfering influence of the amplitude
fluctuations and exclude the contributions of the refractive attenuation in the atmosphere
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and absorption in the atmospheric oxygen. To diminish the influence of the quick amplitude
fluctuations the averaging of the experimental data for the time interval Af=0.5 ¢ was

fulfilled. Values of the refractive attenuation X (/1)and absorption in the oxygen Y, (H)

were excluded after averaging from the experimental data. Therefore dependences Y (H)

for 64 of RO measurements in different regions were obtained. These dependences were
separated in two groups: in the first group the observations with a monotonic growing of
attenuation with corresponding decreasing of the altitude H were included, and into the
second group vertical profiles with a quick increase of the attenuation in a sharp interval of
the altitude H and the next decreasing of the attenuation below the height H. The typical

examples of dependences Y (/) from the first group are shown in Fig. 6.2.7. Curve 1 was

obtained on 29 October 1997 for the region with latitudes 50° S, longitude 59° E; the curve 2

was obtained 09 July 1998 in the region with coordinate 43° S, 62° E. All these data do not

indicate a cloud’s influence; they may be considered as the indicators of absorption caused,
mainly, by water vapor. From data in Fig. 6.2.7 at H =0.5 km Y is equal to 8+1 dB, and at
H =3 km absorption is equal to 5+1 dB.
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Fig.6.2.7. Experimental dependences of the radio wave absorption ( 4 =2 cm) relevant to the
first group of data.

From comparison of these data with the results of calculation (smooth curves) it is seen, that
the registered attenuation is by 1.5 dB greater, than the expected theoretical values, if one
suppose, that absorption is caused only by water vapor. This distinction of theory and
experiment is located in the interval of measurement errors. In the first group data there are

dependences Y (/) having a regular increase in attenuation when the altitude H is
decreasing, however it is difficult to explain this dependence only by influence of water
vapor. The examples of these experimental dependences Y (/) are shown in Fig. 6.2.8; the
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smooth curves indicate the theoretical dependence of the radio wave attenuation owing to
the water vapor Y_(H). Curve 1 in this Figure corresponds to measurements fulfilled on 30

October 96 in the region with coordinates 19° N, 175° E, dependence 2 was obtained on 05
October 1996 in the region with coordinates 50° S, 56° E. It follows from comparison of the
experimental dependences Y (/) and theoretical Y, (/1) that the additional attenuation is

equal to 7+1 dB at the altitude H = 0.5 km. Effective length of a communication link satellite
to satellite in the troposphere is near 200 km, therefore a possibility of realization of the
scheme with the cloudless atmosphere is small. It seems that there are the contribution from
the clouds in the data shown in Fig. 6.2.8. Exceeding of the measured values Y above the
calculated values Yy, is observed for the most data in the first group.
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Fig.6.2.8. The typical altitude dependences of absorption Y (H).

Examples of dependences Y (H')belonging to the data of the second group are shown in

Fig. 6.2.9, where once again become apparent the cloud’s influence; curve 1 was obtained on
31 October 1997 for region with latitudes 51° S, longitude 59° E; dependence 2 was obtained
on 05.06.1996, in the regions with coordinates 33° S, 173° E. The upper boundary of the
clouds at the altitudes 2.5 and 3 km, the large absorption in the altitude interval AH = 1-2
km, contained in the interval 18-22 dB, and absorption’s decreasing at the altitudes H=0.5
km up to 12+2 dB are seen in Fig. 6.2.9. The correspondence of the experimental data in Fig.
6.2.9 with the theoretical dependence Fig. 6.2.6 may be noted from a comparison.
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Let us compare the results of measurements and evaluations of the radio wave’s absorption
( A =2 cm) in the clouds in the communication links satellite-satellite with the experimental
data, obtained by the ground based tools for vertical communication links the earth satellite.
Attenuation of centimeter radio waves in the communication link earth- satellite is small, its
measurements are difficult, however there are detailed experimental investigations of the
atmospheric radio emission by usage of antenna oriented in zenith [196,197]. These papers
contained information concerning the total absorption of centimeter radio waves. If the
absorbing medium has the temperature 7', then the excess of the antenna temperature
because the radio emission of medium AT is connected with the attenuation Y via a
relationship

Y =434 (AT) T, (6.2.18)

where Y is in decibels, and temperature is in Kelvin. Eq. (6.2.18) is valid when absorption is
small. For determination of the attenuation of centimeter waves the experimental values
AT for the case of the stratus clouds will be applied. Values of AT, obtained at A equal to
0.8; 1.6 and 3.2 cm are given in [196, 197] for the stratus clouds of the type St and Sc. For
A>0.8 cm the relationship ~ A2 is valid, this allows determining the attenuation for A =2
cm. This simple recalculation was fulfilled from the indicated wavelengths to A =2 cm, it
was found, that for the clouds of the type St or Sc in this period in average the attenuation is
equal to Y =0.04 dB, and the maximal value Y =0.13 dB. Therefore, the experimental
average value Y corresponds to the chosen approximated model of the stratus clouds, Egs.
(6.2.16) and (6.2.17) and, hence, to data in Fig. 6.2.5.

Let us consider the contribution of different phenomena in general attenuation of

signal Y, at the wavelength A =2 cm. The integral attenuation depends on the refractive
attenuation X, on the absorption by oxygen ¥, and on influence of the water vapor and the

clouds Y
Y(H)=X(H)+Y (H)+Y(H). (6.2.19)

Here the minimal altitudes of the radio ray H is determined from satellites position and
velocity knowledge with accounting for the refraction radio waves in the atmosphere, and

value X, Y,and Y are expressed in decibels. The refractive attenuation has been analyzed
in the papers [28, 29] and described in section 2.2, where dependence X(H)is given.
Essentially, that the refractive attenuation is independent on the wavelength, it is
determined by vertical profile of the refractivity N(/) and therefore depends on the
meteorological situation in the investigated regions, attenuation X (/) depends on the

distances between the satellites and the planetary limb L,and L,. In Fig. 6.2.10 curve 2

describes the theoretical dependence X (/1) if the near surface value N, =3.4104and L, =

2100 km. The altitude dependence of the oxygen’s absorption is expressed by the
relationship (6.2.9), and is described by curve 1 in Fig. 6.2.10. The approximated values of
the oxygen’s absorption for A =2 cm is equal to 5.5; 3.8 and 2.6 dB at the altitudes H equal

to 1, 3 and 5 km, respectively. Values of the oxygen absorption Y, are sufficiently reliable,



Radio Occultation Method for Remote Sensing of the Atmosphere and lonosphere 155

since the parameters y,(0) and F/ are weakly depending on the meteorological

conditions. The complex attenuation because defocusing and oxygen influence
X(H)+Y,(H) is indicated by curve 3 in Fig. 6.2.10.
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Fig.6.2.9. Examples of the intensive contribution of the stratus clouds in the radio wave
absorption.

The averaged dependence of the attenuation of the decimeter radio waves X +Y,, obtained

from the multiple RO events, is indicated in Fig. 6.2.10 by curve 4. From comparison of
dependences 3 and 4 it follows their satisfactory correspondence, distinction in data is
observed only when H < 1.5 km. The results of the experimental determination of the
averaged dependence of the full attenuation of centimeter radio waves ( A =2 cm) in the

communication link MIR- geostationary satellites, Y (/)are presented by curve 5. From

comparison of dependence 5 with curves 3 or 4 it follows that additional absorption of
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centimeter radio waves, caused by the water vapor and the clouds Y =Y (¥, +X), in
average has values 6.4; 4.4 and 2.6 dB for the altitude H equal to 1; 3 and 5 km, respectively.
When H > 8 km the experimental values of the integral attenuation Y, for decimeter and of

centimeter radio waves distinguishes insignificantly. dependences, shown in Fig. 6.2.10,
give average values of the different components of the radio wave attenuation;
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Fig.6.2.10. Different components of the attenuation of radio wave at wavelength 4 =2 cm.

¥

during the RO measurements in regions with different meteorological conditions
dependences X (H)and Y(H) may deviate from these averaged laws. Along the RO ray
satellite-to-satellite one may determine the radio wave absorption owing to the different

atmospheric gas constituents and, hence, obtain information on vertical distribution of
water vapor concentration and water content of the clouds for different regions of the Earth.

The absorption coefficient by water vapor y, and the clouds y_ are proportional to the

water vapor concentration and water content in the clouds, therefore it is possible the RO
monitoring of these atmospheric parameters. From measurement data it is necessary

exclude the influence of the refractive attenuation X (/) and oxygen absorption Y,(/). For
avoiding of these interfering factors it is necessary to apply the RO technique at two
frequencies, when it is possible determination of the difference of attenuation Y, measured

at two wavelengths A, and A, . It follows from (6.2.19)
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Y, (4)-Y.(4)=[Y(4)-Y(L)]+[Y,(4)-Y,(4,)] dB, (6.2.22)

where the first term marked by the square brackets, corresponds to the difference of the
attenuations by water vapor and the clouds, and the second- to the difference of the radio

wave absorption by oxygen in the ranges 4, and A, . If the conditions are fulfilled

Y(4)>>Y(4) and Y(4)>>Y,(A)~Y,(4), (62.23)

then, according to Eq. (6.2.22), the difference of the measured attenuation at the two
wavelengths will determine the absorption of the radio waves in the clouds and water

vapor. Selection of the ranges A, and A, for monitoring of the water vapor and the clouds is

determined by dependences of y_,7,and y, on the wavelength A. With this aim in mind
it is necessary to fulfill the conditions (6.2.23) and account for that the general attenuation
Y, does not should be inadmissible large. It follows from Fig. 6.2.3 that for 4=1.35 cm in

the moderate latitudes at the altitudes H =10-15 km in summer time the absorption Y =6
dB, and in winter time Y ~3 dB; at the altitude /4 =5 km in summer time Y ~17 dB,

and in winter time ¥, 8 dB. In the range 4 =1.35 cm, when H <3 km, the absorption

become inadmissible large even in the winter time conditions. Therefore the optimal range
radio waves for RO monitoring of the water vapor and the clouds is located in sharp
intervals 4 ~1.5-2.1 cm and A, #5-10 cm. The experimental determination Y (H) with by

the dual frequency technique allows with usage of the Abel transformation finding the
altitude profile of the complete absorption coefficient of the radio wave by water vapor and

clouds y, +y. without usage of any other model of their vertical distributions. One can

conclude, that the described method gives possibility to determine the absorption of
centimeter radio waves at the different altitudes of the radio ray perigee, therefore it is
possible monitoring of the humidity and the clouds, i.e. determination of their water
content, the upper and lower boundaries, and also finding of the water vapor content. For
solution of this problem it is necessary to apply a method which allows reliable excluding
the interfering influence of the defocusing, decreasing the influence of the amplitude
fluctuations and absorption by the oxygen. The refractive attenuation significantly depends
on the meteorological situation in the regions of RO sounding, and is independent on the
wavelength; therefore exception of its influence is possible only by usage of dual frequency
measurements. For elaboration of this method of monitoring the water vapor and the clouds
it is necessary to have defined more accurately values of the absorption coefficients of water

vapor ¥, (A) and the clouds y,(A) for the centimeter range. Note the basic technical

difficulty in the RO monitoring of the clouds and water vapor. During radio occultation the
lower troposphere is observed in condition of the large general attenuation of radio waves.
With accounting for the amplitude fluctuations the attenuation relative to the free radio
wave propagation at 4 =2 cm achieved 25-28 and 18-22 dB at the altitudes H equal to 0.5
and 2 km, respectively , therefore it is necessary to use the radio links with large energetic
potential.
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A new possibility of determination of the radio wave’s absorption in the case of one
frequency radio occultation has been shown in [55]. This method is based on a connection of
variations of the phase and refractive attenuation. It was indicated in chapter 3, 4, that the

altitude dependence of the phase allows determining then refractive attenuation X ,(H)

since the second derivative phase with respect to time gives dependence X (/). The

experimental dependence of the signal intensity on time, after its normalization, gives
dependence of the combined absorption and refractive attenuation Y + X . Registration of
the phase variations allows determining the refractive attenuation X,. Determination of the
sum Y+ X from the amplitude data and X, from the phase measurements allows

excluding the interfering influence of the refractive attenuation and determining the integral
radio wave absorption Y(H) . If applied to the decimeter waves, this method may

determine the radio wave absorption by oxygen. Application to the centimeter waves allows
more detailed studies of radio wave absorption by the clouds having different structure and
by the water vapor.
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