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Abstract

We show that the amplitude of the Global Positioning System (GPS) signals in the radio occultation (RO)

experiments is sensitive to the atmospheric wave structures. Earlier the phase of the GPS occultation signals have been

used for statistical investigation of the gravity waves (GW) activity in the height interval 10–40 km on a global scale.

Analysis of the RO amplitude data revealed wave clusters (quasi-regular structures) with the vertical size of about 10 km

and interior vertical period �0.8–2 km in the tropopause and lower stratosphere. The amplitude RO data may be

utilized to determine the temperature vertical profiles and its vertical gradient in the upper troposphere and

stratosphere. In the considered RO events variations of the vertical temperature gradient dT(h)/dh corresponding to the

amplitude clusters are in the range from �9K/km to 6K/km with vertical scales �1–3 km. We show that these

variations can be linked to the GW propagation in the atmosphere. We use the polarization and dispersion relationships

and Hilbert transform to find the 1-D GW image in the atmosphere by analyzing the vertical temperature gradient

dT(h)/dh. The GW image consists of the phase and amplitude of the GW as functions of height. The GW amplitude is

non-uniformly distributed with main contribution associated with the tropopause and the secondary maximums in

height interval 18–35 km. Using our method we find vertical profiles of the horizontal wind perturbations and their

vertical gradient associated with the GW influence. The horizontal wind perturbations are changing in the interval

v�2–12 m/s with vertical gradients dv/dh�4–25m s�1 km�1) in the tropopause area and v� 3–9 m/s, dv/dh � 2–15 m/(s

km) in the stratosphere for the considered events. For one RO event we compared the estimated values of the horizontal

wind perturbations with aero-logical data and found fairly good agreement. The height dependence of the GW vertical

wavelength was inferred through the differentiation of the GW phase. Analysis of this dependence using the dispersion

relationship for the GW gives estimation of the GW intrinsic phase speed. For the considered events the magnitude of

the intrinsic phase speed changes between 1.5–15m/s at heights 10–40 km. We conclude that the amplitude of the GPS

occultation signals contain important information about the GW propagation in the atmosphere on a global scale.
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Fig. 1. Key physical and geometric parameters of the RO

measurements.
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1. Introduction

The gravity waves (GW) in the atmosphere have been

observed and modeled for many years (Nagpal, 1979).

The GW with horizontal wavelengths �100–1000 km,

vertical wavelengths �1–10 km, and periods

�10min–1 h are mainly produced owing to the weather

activities (fronts, cyclones, cumulonimbus convection,

thunderstorms) and wind flows over irregular topogra-

phy (mountain waves), and play a decisive role in

transporting energy and momentum, in contributing

turbulence and mixing, and in affecting the atmospheric

circulation and temperature regime (Fritts and Alex-

ander, 2003). Dynamical simulation studies of the

stratosphere and mesosphere require a broad spectrum

of knowledge including the GW’s effects in the empirical

models or analytic formulations for a realistic descrip-

tion of the climate changes and variations in the

atmospheric, stratospheric and mesospheric global-scale

flows (Preusse et al., 1996). Radiosonde (RS) and

rocketsonde GW’s measurements, balloon soundings,

radar observations and lidar studies have been limited to

ground-based sites (Eckermann et al., 1995; Sica and

Russell, 1999; Nastrom et al., 1997, 2000) mainly over

specific land parts of the Northern Hemisphere.

Recently a few high-resolution stratospheric satellite

instruments have been used to detect GW (Eckermann

and Preusse, 1999). However, the time for observations

has been limited. This raises the problem of insufficient

data for establishing wave climatology for a global scale,

despite the good results from many of the ground-based

and space-borne instruments (Steiner and Kirchengast,

2000).

Radically new technology incorporates the high-

precision radio signals of the Global Positioning System

(GPS) at two frequencies F1=1575.42 and 1227.6MHz

for the GW investigation. The small satellites (e.g.,

MicroLab-1, installed into a near polar circular orbit

with altitude �750 km) carried a laptop sized GPS

receiver to perform remote sensing of the atmosphere

and ionosphere by the limb sounding method (Ware et

al.,1996; Feng and Herman, 1999). The advantages of

the space-borne observations of the atmosphere by the

GPS radio signals are that the radio occultation RO

technique can recover atmospheric profiles above oceans

as well as above land with high vertical resolution

(o0.4 km) and accuracy (o1K in temperature within

the upper troposphere and lower stratosphere) (Anthes

et al., 2000). Nowadays, new satellite missions CHAMP

and SAC-C have been launched to establish global

control on the meteorological processes in the atmo-

sphere and phenomena in the ionosphere (Wickert et al.,

2001; Reigber et al., 2002; Hajj et al., 2002).

Analysis of the temperature variations found from the

RO phase data furnishes an opportunity to investigate

the global morphology of the GW activity in the
stratosphere and to measure the GW statistical char-

acteristics in the atmosphere as shown by Tsuda et al.

(2000), Steiner and Kirchengast (2000), and Tsuda and

Hocke (2002). However, these papers were concerned

mainly with the GW statistical parameters. The ampli-

tude channels of the RO signal offer new potential and

capability for the RO research and for the observation

of the quasi-regular structures in the atmospheric and

ionospheric waves (Kalashnikov et al., 1986; Pavelyev et

al., 2002; Sokolovskiy, 2000; Igarashi et al., 2000, 2001;

Liou et al., 2002). Liou et al. (2003) introduced a new

analytical method to express the amplitude and phase of

the GW as functions of height in the troposphere and

stratosphere using the wave trains in the amplitude of

the RO signals. They connected the amplitude and phase

of the wave trains in the RO amplitude data with the

amplitude and phase of the GW using the polarization

and dispersion equations for the GW and Hilbert

transform. This method opens new perspectives for the

GW investigation in the atmosphere and mesosphere

using the RO data and as a consequence its capabilities

and limitations should be analyzed in detail. The aims of

this paper are to describe the connections between the

RO amplitude variations and the amplitude and phase

of the GW, and to demonstrate the possibility of direct

observation of the quasi-regular GW in the atmosphere

using the amplitude of the RO signals.
2. Amplitude clusters in ro data

The scheme of the RO experiment is shown in Fig. 1.

The point O is the center of the spherical symmetry of

the atmosphere. The radio waves emitted by the GPS

satellite (point G) are propagating to the receiver

onboard of the LEO satellite (point L) along the ray

GTL, where T is the tangent point in the atmosphere.

The projection of the point T on the Earth’s surface

determines the co-ordinates of the RO region: latitude j
and longitude ll. The vicinity of the point T introduces

the major contribution to the changes of the RO signal.

Record of the RO signal along the LEO trajectory

contains the amplitudes A1(t), A2(t) and phases of the

radio field at frequencies F1, F2 as functions of time.
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The time interval for the RO measurements t depends

on the orientation between the vertical direction at the

point T and the occultation beam path. The time t is

minimal �30 s, when the orbital planes of the LEO and

GPS satellites are parallel. Thus the RO experiments

record practically simultaneously the impact of the GW

on the RO signal because the GW frequencies are

usually well below 1/t, i.e. 0.03 s–1. Record of the RO

signal E(t) along the LEO trajectory is the radio

hologram’s envelope that contains the amplitude A(t)

and phase cðtÞ ¼ kSeðtÞ (k is the wave number in the free

space, Se(t) is the eikonal corresponding to the ray GTL)

of the radio field as functions of time:

EðtÞ ¼ AðtÞ exp½�icðtÞ�: (1)

Usually only temporal dependence of the phase path

excess Se(t)�Ss(t) is used for retrieving the vertical

profiles of the refraction index, temperature in the

atmosphere and electron density in the ionosphere,

where Ss(t) is the path GTL corresponding to the free

space propagation. This is apparently a cause why the

measurements of the vertical gradients in the atmo-

sphere and lower ionosphere have been excluded from

the attention of the most RO work except for few

publications (Vorob’ev et al., 1999, Sokolovskiy, 2000;

Igarashi et al., 2000, 2001; Liou et al., 2002). Analysis of

the amplitude of the RO signal can give important
Fig. 2. Height dependence of the amplitudes A1, A2 for the RO event

1995). Wave signatures are especially strong at the heights of 9–20 km

Curve M in the right panel indicates result of simulation of the refra
information for the detection and observation of the

wave processes in the atmosphere (Liou et al., 2002;

Pavelyev et al., 2002).

Examples of the amplitude variations in the upper

troposphere and lower stratosphere are shown in Fig. 2

for sixth RO experiments provided on July 09 and 10,

1995. Wave structures are seen both at the first and

second frequencies of GPS signals (amplitudes A1 and

A2 in Fig. 2). Variations of the amplitudes A1 and A2

are highly correlated. This is a consequence of simulta-

neous measurements, weak diffraction effects and small

values of systematic errors in the amplitude data. These

variations give a direct evidence for existing wave

structures in the atmosphere. The amplitude variations

can give direct information on the form and spatial

frequencies associated with the wave structures in the

atmosphere. In essence, the quasi-regular amplitude

variations represent a radio holographic image of wave

processes in the upper troposphere and lower strato-

sphere. Analysis of the radio holographic amplitude

image of the atmosphere can be produced by using the

inversion theory developed earlier (Kalashnikov et al.,

1986). According to this theory, the amplitude channel

of the radio hologram can be used separately from

the phase channel to obtain information on the

vertical distribution of the refractivity, temperature,

and its vertical gradient (Liou et al., 2002). Additional
s 0249, 0289, 0316, 0339, 0492, 0542, and 0585 (July 09 and 10,

and seen simultaneously at both amplitudes (curves A1, A2).

ction attenuation in the RO region.
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information can be obtained on the quantitative

characteristics of the wave processes: vertical distribu-

tion of the horizontal wind perturbations and its

gradient. It is convenient to present the solution of the

inverse problem in the simplified approximated form

(Liou et al., 2002; Pavelyev et al., 2002)

pðtÞ � pðt0Þ ¼

Z t

t0

dtX ½tðpsÞdps=dt; (2)

where X is the power attenuation relative to free space

owing to the refraction effect for experimental data, p, ps

are the impact parameters relevant to ray GTL and

GDL. Eq. (2) allows one to find the temporal

dependence of the impact parameter p(t) from the

amplitude data if an initial condition is given. The power

attenuation X(t) is connected with the derivative dx/dp,

where x(p) is the refraction angle

dx=dp ¼ ½1� 1=X ðtÞ�BðpÞ;BðpÞ ¼ ðR2
1 � p2Þ�1=2

þ ðR2
2 � p2Þ�1=2:

(3)

Thus the amplitude data may be used for the

restoration of the impact parameter p(t), the refraction

angle x(t) (Eq. (2)), and the derivative dx/dp(t), and then

for finding the vertical distributions of the refractivity

gradient dN/dh:

JðpÞ ¼ 1=p
Z 1

p

dx0xðxÞðx
2 � p2Þ1=2; dN=dH ¼ �n2ðhÞJðpÞ=fp½1þ JðpÞ�g

(4)

The amplitude information may be used for retrieving

the vertical gradient of the temperature. As shown by
Fig. 3. The temperature and its vertical gradient retrieved on the RO a

the average of the two retrieved temperature TV=(T1+T2)/2, where T

Dashed curve TU demonstrates the temperature profile calculated fro

background temperature profile. Panel (b): perturbations of the temp
Pavelyev et al. (2002) for the case of the wet atmosphere

a connection exists between the vertical temperature and

refractivity gradients

½dTwðhÞ=dh�=TwðhÞ ¼ �½NðhÞ��1dNðhÞ=dh � Tx=Ta; ðhÞ

(5)

TwðhÞ ¼ TðhÞ=f1þ 4810eðhÞ=½PðhÞTðhÞ�g;Tx  34:16K=km;

TaðhÞ ¼ TðhÞ½1þ 0:378eðhÞ=PðhÞ�;

(6)

where T(h) is the temperature of the atmosphere

expressed in Kelvin’s degrees, P(h) and e(h) are the

atmospheric and water vapor pressure expressed in

hectopascals, respectively. Eqs. (5) and (6) connect the

vertical gradient of the refractivity dN/dh and the

vertical gradient of the ‘‘wet’’ temperature dTw(h)/dh.

At the height above 10 km Eqs. (5) and (6) can be used

for finding the vertical gradient of temperature if the

refractivity gradient is known.

Examples of temperature retrieving are shown in Figs.

3 and 4 (panel (a)) for the GPS/MET RO events 0316

and 0339 (July 09, 1995). Dotted curves TB in Fig. 3 and

4 (panel (a)) indicate the background temperature

profiles in the RO regions. Dashed curves TU describe

dependence T(h) restored from the GPS/MET phase

data using the University Consortium for Atmospheric

Research (UCAR) technology given in the Internet site

http://www.cosmic.ucar.edu/gpsmet/feedback.html.

Curves TV demonstrate the average temperature

vertical profiles, TV ¼ ðT1þ T2Þ=2; where T1, T2 are
mplitude data for RO event 0339. Panel (a): Curve TV indicates

1 and T2 correspond to the amplitude A1 and A2, respectively.

m phase data (UCAR retrieval). Dotted curve TB describes the

erature vertical gradient obtained from the amplitudes A1, A2.

http://www.cosmic.ucar.edu/gpsmet/feedback.html
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Fig. 4. The same as in Fig. 3 for RO event 0316.
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temperatures retrieved from the amplitudes A1, A2,

respectively. Temperature fluctuations are evident in the

retrieved temperatures profiles in Figs. 3 and 4 panel (a).

Low-frequency variations can correspond to the deflec-

tions of the background temperature profile from the

approximated values. Fluctuations with spatial periods

below 2–4 km can be associated with the GW propaga-

tion (Tsuda and Hocke, 2002). The top and bottom

curves A1, A2 in Fig. 3 and 4, panel (b) show the vertical

gradients of the temperature corresponding to the high-

spatial frequencies in the temperature profiles obtained

from the amplitudes A1, A2. The short spatial periods

are clearly seen in the vertical gradient of the tempera-

ture shown in Fig. 3 and 4, panel (b). Variations of the

temperature gradient are high (about 76K/km) in the

tropopause region. It is clearly seen in this region the

wave activity with spatial periods 1–2 km. In the

stratosphere the high-frequency variations, which can

be associated with the GWs, have moderate intensity.

However, the wave activity really exists in the height

interval 20–40 km as follows from comparison of the

curves A1, A2 in Fig. 3 and 4, panel (b). Vertical

distribution of the temperature and its gradient can be

used to find the quantitative parameters of the wave

structures associated with the GWs. To achieve this aim

one can use the polarization and dispersion relationship

for GW developed earlier.
3. Horizontal wind perturbations connected with GW

influence

We will use the polarization and dispersion relation-

ships, which are valid for the medium-frequency case,
when the intrinsic frequency of the GW is many times

over the inertial frequency f, but is well below the

buoyancy frequency ob. The dispersion relation has the

form (Eckermann et al., 1995; Fritts and Alexander,

2003)

lh ¼ 2pjc � U cos jjob; (7)

where lh is the vertical wavelength of the GW, U is the

background wind speed, c is the ground-based GW

horizontal phase speed, and j is the azimuth angle

between the background wind and the GW propagation

vectors. Eq. (7) connects the vertical wavelength lh with
the intrinsic phase speed of the GW vi=|c�Ucosj|,
which can be measured by an observer moving with the

background wind velocity (Eckermann et al., 1995). The

polarization relation connects the complex amplitude of

the temperature variations, t(h), with the horizontal

wind perturbations v(h), corresponding to the GW

influence (Lindzen, 1981):

vðhÞ ¼ Re½ig=ðTbobÞtðhÞ�;o2
b ¼ g=TbG;

G ¼ @Tb=@h þ 9:8K=km; ð8Þ

where g is the gravity acceleration, G is the adiabatic

lapse rate, and Tb is the background temperature. Pfister

et al. (1993) applied successfully the polarization relation

(8) to the case study of the regular GW associated with

tropical cyclone. Eckermann et al. (1995), used it for

statistical analysis of the rocketsonde data. Tsuda et al.

(2000) applied relation (8) to determine a global

distribution of the GW potential energy using the RO

data. One obtains by differentiating (8)

dvðhÞ=dh ¼ dRe½ig=ðTbobÞtðhÞ�=dh

 Re½ig=ðTbobÞdtðhÞ=dh�: ð9Þ
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Eq. (9) is valid assuming that Tb(h) and ob(h) are

slowly changing at the vertical scales �lh. The functions

Tb and ob are known from the model of the atmosphere

used for the simulation of the refraction attenuation in

the RO region (Fig. 2, curve M in the right panel). To

find the function dv(h)/dh from the approximation Eq.

(9) one can implement the radio holographic analysis by

applying the Hilbert transform (Rabiner and Gold,

1978). We suggest that the amplitude variation is a real

part of an analytical function. Under this assumption

the temperature vertical gradient and the horizontal

wind perturbations are also the real parts of the

analytical functions, which are connected with the

amplitude variations by inversion formulas and polar-

ization relationship (Liou et al., 2003). The Hilbert

transform is a mathematical tool to find the imaginary

part of an analytical function using its real part.

Practical implementation of the Hilbert transform gives

the analytic presentation of the real signal dt(h)/dh

dtðhÞ=dh ¼ RefatðhÞ exp½iFtðhÞ�g; (10)

where at(h) and FtðhÞ (real functions) are the amplitude

and phase of the vertical gradient of the temperature.

The function dv(h)/dh can be restored from (9) using the

Hilbert transform. The horizontal wind perturbations

v(h) can be found using known dependence dv(h)/dh by

integration. The results of restoration are shown in Figs.

5 and 6 panels (a) and (b). The quasi-regular modulation

of dv/dh is clearly seen in the experimental data (curves

A1, A2 in Figs. 5 and 6, panel (a)). It is important that

the vertical period of this modulation is practically the

same as seen in the amplitude variations in Fig. 2, right

panel. Thus the process of inversion of the amplitude

data does not essentially change the form of the initial

spectrum of the amplitude variations. One can directly
Fig. 5. Results of restoration of the vertical gradient dv/dh (panel a))

MET RO event 0339.
obtain, without inversion, the approximations of the

phase and amplitude parts of the function dv(h)/dh using

the Hilbert transform of the variations in the amplitude

of the RO signals normalized to the standard altitude

dependence of the amplitude (shown by curve M in Fig.

2). However, the amplitude part of dv(h)/dh will be

described in this case only by a qualitative manner

because of the absence of important scaling factor

depending on height. Integration of the wind speed

gradient dv/dh (Fig. 5, curves A1, A2, panel (a)) on

height gives the horizontal wind perturbations v(h) (Fig.

5, curves A1, A2, panel (b), GPS/MET RO event 0339)

associated with the GW influence. Some correspondence

between the horizontal wind perturbations obtained

using amplitude data at frequencies F1 and F2 is seen in

the height interval 8–30 km (Fig. 5, panel (b)). The

amplitude of the horizontal wind perturbation is about

74–6m/s. Some distinction between the curves A1, A2

(Fig. 5, panel (b)) in the height interval 30–40 km may be

connected with influence of systematic errors caused by

possible instabilities of the receiver gain or ionospheric

interference. To exclude the possible influence of the

systematic errors it is necessary to compare the results of

the restoration of the horizontal wind perturbation with

aero-logical data. Integration of the average wind speed

gradients dv=dh ¼ ½dvA1ðhÞ=dh þ dvA2ðhÞ=dh�=2 (Fig. 6,

panel (a)) on height gives the horizontal wind perturba-

tions v(h) relevant to GPS/MET RO event 0316 (Fig. 6,

panel (b)). The black curve A corresponds to the

experimental data; and the curves 1–4 indicate the RS

data relating to two stations in Taiwan: Hualien (1, 3)

(24.01N, 238.41W) and Taipei (2, 4) (25.01N, 238.51W)

obtained on July 15, 1995, at 00 h UT and 12 h UT,

respectively. The difference between the Taiwan stations

and the RO region latitudes and longitudes is �81 and
and the horizontal wind perturbations v(h) (panel (b)) for GPS/
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Fig. 6. Results of restoration of the vertical gradient dv/dh (panel (a)) and the horizontal wind perturbations v(h) (panel b)) for GPS/

MET RO event 0316. Curve A in panel b) corresponds to the experimental data; the curves 1, 3 (dashed) and curves 2, 4 (dotted)

indicate the radiosondes (RS) data relating to two meteorological stations in Taiwan.
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�281, respectively. The time difference between the RO

and RS observations has been chosen in accordance

with the average RS background westward wind velocity

�10m/s in the height interval 8–30 km. The RS wind

perturbations (curves 1–4) have been obtained by

subtracting the polynomial approximation of the fifth

power from the experimental vertical profiles of the

horizontal wind speed. As follows from Fig. 6 (panel b))

the RS data (1–4) are in fairly good agreement with the

experimental results (curve A). The RO values of v(h)

(curve A) are variable from 71 to 79m/s at the height

interval 10–35 km. Some discrepancy �2–4m/s with RS

data exists in the height interval 20–30 km. The

difference may correspond to a current state of inversion

accuracy. Note, that RS data do not reveal high-spatial

frequencies observed in the RO results. As appears, this

is due to smoothing effects of the RS measurements.

Note also, that difference between the RS and experi-

mental data may be connected with the instability of the

receiver gain and the transmitter power, and increasing

low-frequency noise (which contain trends and bias)

owing to integration during the inversion process.
4. 1-D Image of the GW activity and intrinsic phase speed

of GW in the atmosphere

After applying the Hilbert transform one can obtain

from Eqs. (9) and (10) the amplitude and phase a(h),

F(h) associated with the vertical gradient of the

horizontal wind speed variations: dvðhÞ=dh ¼

½dvA1ðhÞ=dh þ dvA2ðhÞ=dh�=2 ¼ aðhÞ cosFðhÞ; where a(h)

and FðhÞ are the amplitude and phase of the analytic

signal relevant to dv(h)/dh. Note, that summation of
data of two independent amplitude channels A1, A2 can

diminish the statistical and independent systematic

errors in the experimental data The functions a(h),

F(h) present together a 1-D ‘‘radio image’’ of GW.

The height dependence of the GW amplitude a(h) and

phase FðhÞ are shown in Fig. 7, left and right panel,

respectively, by curves 1–6. The phase curves 1-6 of the

1-D GW radio image have different dependence on the

height for considered RO events. The phase curve 2–4

relevant to the GPS/MET events 0339, 0542, and 0585

indicate increasing spatial frequency of the GW with

height in opposition to curves 1, 5, and 6, which

demonstrate decreasing of the spatial frequency for

GPS/MET events 0316, 0249, and 0492. The phase in

the GPS/MET event 0492 (curve 6 in Fig. 7, right panel)

changes linearly, in average, as a function of the height

h, thus corresponding to nearly monochromatic GW.

The amplitude, relevant to the GPS/MET RO event

0492 (curve 6 in Fig. 7, left panel), demonstrates

essential changes in the interval 0.5–25m s�1 km�1) in

the tropopause region at height 15–17 km. For this event

one can see in Fig. 7, left panel, altitudes with high

(17–19, 21–23, 24–25, and 32–35 km) and low (20–21,

and 26–31 km) GW activity. The position of relatively

high GW amplitude in the interval 32–35 km is

coinciding with the GW breaking zone disposed at

height interval 34–37 km observed earlier in the Andes

area by Eckermann and Preusse (1999). For the GPS/

MET RO event 0524 (curve 3 in Fig. 7, left panel) the

amplitude changes are concentrated mainly below

22 km. It follows from Fig. 7 that the GW ‘‘radio

images’’ contain important information on the height

distribution of the GW activity in the RO regions. The

detailed information on the height distribution of the



ARTICLE IN PRESS
Y.A. Liou et al. / Journal of Atmospheric and Solar-Terrestrial Physics 67 (2005) 219–228226
spatial frequency of the GW can be obtained by

differentiating the phase FðhÞ (curves 1–6 in Fig. 7,

right panel). After differentiating one can obtain the

spatial frequency f and the vertical wavelength lh ¼

2p=f as functions of height and then estimate the

intrinsic phase speed of the GW vi using relation (7). As

seen in Fig. 8 (curves 1–6) the value f changes in the

range of 1–15 rad/km.
Fig. 8. Spatial frequency (left panel) and intrinsic phase speed (right p

0249, and 0492 (curves 1–6).

Fig. 7. 1-D radio images of GW for GPS/MET RO events 0316, 0339

of GW as function of height. Right panel: the altitude phase depende
Corresponding values of the intrinsic phase speed are

changing in the interval 2-20 m/s. High variability of the

intrinsic phase speed can be observed for event 0585 and

0249 (curve 4 and 5 in Fig. 8, right panel). Low

variability of the intrinsic phase speed is seen for GPS/

MET RO events 0316 and 0339 (curves 1 and 2 in Fig. 8,

right panel). The values of the intrinsic phase speed in

the interval 2–10m/s are similar to the intrinsic phase
anel) of GW for GPS/MET RO events 0316, 0339, 0542, 0585,

, 0542, 0585, 0249, and 0492 (curves 1–6). Left panel: amplitude

nce of GW.
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speed measured by rocketsondes (Eckermann et al.,

1995) and satellite (Eckermann and Preusse, 1999) and

may correspond to the quiet conditions in the atmo-

sphere. Thus the 1-D ‘‘radio image’’ of GW is useful tool

for description of the GW activity and its intrinsic phase

speed as function of height in the atmosphere.
5. Conclusions

Amplitude variations of the RO signal contain

important information on the vertical structure of the

upper troposphere and lower stratosphere including the

vertical profiles of the temperature and its gradient.

Application of the amplitude method to the analysis of

the RO data gives simultaneously detailed vertical

profiles of the temperature and its gradient in the

atmosphere in height interval 5–40 km. Sharp variations

in the vertical gradients correspond to the tropopause

region at the heights 10–17.5 km where gradients

changed in the range from �9K/km to 6K/km.

Variations of the vertical gradient in the stratosphere

revealed wave-like structures (clusters) with vertical

periods of about 0.8–2 km. These structures can be

associated with the quasi-periodical GW propagating

through the tropopause to stratosphere. The vertical

period of the GW is �0.8–4 km. Accuracy of the

restoration increases with diminishing of the periods of

the vertical gradients of the refractivity and temperature.

The amplitudes of the RO signals at both GPS

frequencies are sensitive to the wave structures in the

upper troposphere and stratosphere. The amplitude

wave trains in the RO data can be used for retrieving

the phase and amplitude of the wave structures in the

atmosphere as functions of height. This property of the

amplitude of the satellite signals is important for direct

measurements of the regular distribution of the GW

activity in the height interval 8–40 km on a global scale.

For analysis of the amplitude variations a new analytical

method is introduced. The method uses the polarization

and dispersion relations and Hilbert transform to restore

1-D image of the GW (the amplitude and phase of the

GW as functions of height). The analytic form of the

GW presentation is convenient for the analysis of the

experimental data and can be implemented for the

determination of the GW intrinsic phase speed and the

horizontal wind perturbations associated with the GW

influence. For validation of the new retrieval method, we

compare the wind speed perturbations retrieved from

the GPS/MET data to the corresponding wind measure-

ments obtained in situ by nearby balloon RS. The RS

measurements agree well with the analyzed GPS

observations. The discrepancy is about 1–2m/s for the

heights below 18 km and 2–4m/s for the heights of

20–30 km. The vertical gradients of the horizontal wind

speed changed more essentially from 70.5 up to
720m s�1 km�1. The RO method appears to have a

considerable promise to measure the regular character-

istics of the GW and the consequent vertical distribution

of the horizontal wind perturbations.
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