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Appel SIS el possibility tolocate layered structures and
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_'nternal Waves In the neutral atmosphere
—— Examples of the internal wave-breaking effect in the

atmosphere
-Analysis of: the dispersion and polarization relationships for

gravity waves (GW)
-Portrait of internal waves as obtained from the RO data

-Geographical and seasonal distribution of internal waves
Conclusions




| Introduction."Scheme of RO measurements

High-precision GPS radio signals at two frequencies(EiEdsrs 42! and| E2=122s6iVIHH 7z
emitted by the GRSisatellite (pointiG)amivesi theveceiver onboard of the CEO satellite
(peiE)aleng the ray GTL. The results ei*registration which: are the 1-D' radio-
holographicrimages: of the propagation: meditim: consist of the phase and amplitude
varjatiens at twoel GPS freguencies. In the case of spherical symmetry. these variations
aies caused s mainlya ewing 1o, thes meditn iniluence; at  the  tangent
DOINE E IR COICIUES Wt tHET Ta Perigee WHICH! Corresponas to! the' center of
Ssymmetry: — point: O Because location of point O Is supposed to be known the
geographical coordinates of point T can be evaluated by use of orbital data of GPS and
L EO satellites. Analysis of RO data delivers the vertical profile of the refractivity N(h)
in the atmosphere. After the usage of the gas state and hydrostatic equilibrium

equations one can find the vertical profiles of pressure p(h) and temperature T(h).

2l profilles of the refractivity N(h), pressure p(h) and temperature T(h)

I B S S Left panel: Results of retrieving the
- vertical profiles of refractivity N(h)
110 — [N-units] and pressure P(h) [hPa]
100 — from the phase delay @1(t). The top
FORMOSAT-3 90 FORMOSAT-3 left vertical axis corresponds to
EVENT 0003 80 — EVENT 0003 pressure (curve 1) and the bottom left
2006 04 22 70 2006 04 22 vertical axis is relevant to the
17h33m40s LT 60 Ll I VR I s refractivity perturbations (curve 4).
743N 3332 W 50 SRR AL The right vertical axis corresponds to
40 - the vertical profiles of the refractivity
30 caculated by wuse of standard
20 ] atmospheric model (curve 2) and the
refractivity retrieved from the RO data
(curve 3). Right panel: Results of
retrieving the vertical profile of
temperature T(h) [K]. Open circles
indicate the results of NCEP analysis.
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ific Ocean (left and right)
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Connection between the amplitude and phase in RO

ements via classical dynamic equation-type(Liou
avelyev, GRL, 2006; Pavelyev et'al., JGR, 2007)

definition of }‘f phase path excess @(p)
Dp)=L(p)+x(p)Ry Lp)=t+d-+pE@), Sp)=ixp)dp (1)

&p) is the refraction angle

d)=a.(1)+d(1), At is a sum of the upper (slow changing)
and lower ionosphere contributions

1-X(t) znf @,(t) df -+HF Ot} dt] =@ Q) dr*  (6)
definition of the refraction attemiation

e 2 2 g2 292

X(p)=pRE[R Rodyd;sin 6 06/ ][ =47/ A @ [FoVE B, i Axv I
2 212

6/ =5 dp~(Vdy+1'dy), dy ;<R ) 3) more simple relations between the phase @( t) and intensity

F =, (4) connects the amplitude and phase path excess viall. intillations

classical dynamic equation-type:

F=1-X(2),a=F Q@)/df’,m=q/(dpy/ds)’
q=id/Ro (5)

(t)—1=4 R dud: @;(t)//’!,,,z

Eqs. (4) and (5) allow one to recalculate the phase path excess
Gn(f) to the refraction attenuation Xp. Eq. (5) allows one to

estimate the absorption coefficient n from ratio Xa/X,



Right' recal cllenionief the phasevariations to the refraction

SERIENGN and comparison with the RO amplitude dataiElinves)
C PI0Eta). Curves2) 8iand 4 correspond tolthe refraction
a_;uju on [etrieved firom the phase excessidatal (lefit, curves 1-
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™ Comparison orﬁ*lle‘refraction attenuatiens Xa and X p retieved fiem
WESEERIVIOSAJES anplitude and phase RO data vig:eduziioni(Z)ss
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VALIDAWWIGN OF CONNECTION (7) BETWEEN

IHERHASE PATH EXCESS AND AMPLITUDE
VARIATIONS
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ABVANCEBRIVIENIHOD FORICOCA TION OF

N

m=[1-X (z;/d’ du/drt ©®
m =djdzR0_I( dpy/dt) = ©

() =(IX)~IF/TaF}, (4

m(fk)ﬁiM[X(tr)—Ila(tt)/ﬁﬁa(ta)]z » (B)

dps/dt=+(w—v )dis/Ro (10)
= 2mw (1220w D) HI— 4B vw) T,

= | f=mw*/Ro, D=d: (R —psi’)"? (v

where v, w are the velocity components of the GPS and LEQ

line GL in the plane GOL.

AVAERED)STRUCTURES IN THE ATMIOSPHERE
AND [ON@SEE|E=E

Previously Sokolovskiy et al., GRL, 2002, and Gorbunov et a.,
nt.J. Rem. Sens., 2002, applied the radio-holographic back-
propagation method to locate the ionospheric irregularities. We
propose an aternative method to locate layered structures in the
ionosphere and atmosphere Egs. (8)-(11) can be used to find .
the distance LT d'2s from simultaneous observation of the phase
and intensity variations of radio wave. To achieve this, one can
find m from (8) as a ratio of the intensity changes to the phase
acceleration variations and then the distance D can be evaluated
from the relationship (11). The horizontal gradient in a layered
structure and its height can be estimated by use of displacement D.
The value m can be also estimated by statistical manner from (A)

satellites, respectively, which are perpendicular to the straight and (B) In th| S case the d|fferent Va| ues of D can be Obta| ned




[EVIGENCE iR eliiEspPREC origin of the phaseand amplitude variationsin RO
Sgnels Comparison: OrtIe et raction attentiations Xp and Xa calculaiedirem
IEEORIVI®SAN-3 phase (curve 1) and amplitude (curve 2), detemRIght oanEies

D<) ey’ ent Dol the tangent peiipiill calculated by USeieifeqliations
EyrenaNE) (curve 1 and 2, respectively)
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Lower |onosphere Comparlson of the refractl on attenuatlon recalcul aied e
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> [COWEIRIBOSPHENE! E OIipaNIsen off the refraction attenuation recalculated frem the

fiSNEPRSHfiequency.F1 (curves 1. and 2),, resultsyefiestimation of distaince
reirthe layer hi (tabler s aait) .
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21/[0Y WaVes i RO measirements Packgreund

-. a decisive role in affecting the atmospheric ci reulation and

regl me [Frnts and Alexander 2003]. For theoretical studies

0 have the experimental data showing the phase and

endence of the GWs on height. The RO method can be

easure the GW parameters on the global scale. Analysis of

e ature variations found from the RO phase data furnishes an

1o Investigate the global morphology of the GWs activity in

2 Sira Gsphere and to measure the GWs statistical characteristics in the

atr a-‘m as shown by Sener and Kirchengast [2000], Tsuda et al.

{2000] and Tsuda and Hocke [2002]. The amplitude channels of the RO signal give

new potential and capability for the RO research and for the observation

of the quasi-regular structures in the atmospheric and ionospheric waves

[Kalashnikov €t. al., 1986; Pavelyev et al., 2002; Sokolovskii,2000;
|lgarashi et al., 2000, 2001, Liou et al., 2002, 2003].




\Wevestiicitiesiesened in the amplitude and phase data.
ISe19| 61 the refraction attenuations Xa and Xpieieved
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PEIarZa E)‘nhﬁb‘di SPErsion equalieiRs for the casewhepithe
nihsicareguency of GW iswell below the BruntaVaiSala s
1e Cy ob and higher than the inertial frequency f

-Mo T aw)t(h)], w’=9g/T T, I'= aT/8h+98°/km

ildh = d Refig /(T,,)t(h)]/ oh ~ Refig /(T,,)dt(h) / dh]

272'|C U cosg|/ m,

T o

= _?tfgiawty acceleration,
-—‘* back-ground temperature,
.- Brunt-Vaisala frequency,

: back-ground wind speed,

. ground-based horizontal phase speed of the gravity wave
¢@: azimuth angle between wind and GW propagation vectors
Note, that the ratio t(h)/T, can be replaced by -n(h)/N,(h), where n(h)
is the wave perturbations in the refractivity, N, is back-ground refractivity.

Also the factor (1-f**2/wn**2)**-1/2, must be introduced (Gubenko and
Pavelyev, JGR, submitted, 2007)




Eefi cziglel: THeTerasion attenuations Xa, Xpiretrieved from the phase.and
eifipliltiseaete (curve 1 andl 2, respectively). Curves 3 indicate thenesulis of
Sl EeReRE refractionattenuation inithe atmospheiesRIoNRt panelk THES =

VelelBisieitnevertical gradientierteiractivity retrievediiiom the phase and
cmplitdEeEE(curved and 2, respectively)
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Eefi ozipfels vertf%dﬂ&s 0l the phase (cunvesid andi2) and amplitude (curvesisiandi4)
IREVVNERECIHAN P RO events Ne 0140 (cunves 1 and 3) and Ne: 0001 (cuives 2 andi4);
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NCROPOING2 1 09 m 51.s LT, 15.9 N 330.0\W), January 23, 2003, respectively
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[Eeiitpane FiENErtical profiles of thehorizental wind
pElsELIeNS found from the phase and'amplitude datai(ciirves
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SeasenzlancieEenEphIcal distribution of Internal wave activity with
amphitees greater than 1.0’ N-units’km (panels 1 and 2, height 12ikm)iand 0.6
NEINSEaINpEne S8 and 4, height 14 km),inthe |ewer: siiaiesphereor peree ™
NBYEMIERLS = December 08,2002 (panels 1 and's)randJune 29 — July 13,




Seasonal endigeegiiginiical distribution of intermnall wave activity with
gmpliteesaneaier than 06 N-units/km In'thelewer siratesphereiierpeiod
NBYEEsCO=IDecember 03, 2002 (panels 1 and| 3)and JUREZO=Jilly, JSHss
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SeasenzlancieEerEphIcall disthibutions of the Wave activity with amplitudes

grezierinan 0.6 N-units/km at the 20 km altitude for periods Neyemlser: 03 —

NBYEIISERISH2002 (panel 1); December 20, 2002 — Januanyslsi 2005 (pane!is
aie3d, 2003 — April 14, 2008 (pand 3); June 29, 2003 — July 13, 2003




HISIeRIEMIS 0] Wave eIty with amplituees g greater than 0.6 N-units/kniet
Esiinileve| for periods July 29— August 13, 2003 (panel 1)790I§/4S; 2005,
B IINAZ7, 2003 (Panel 2); Mianchid5, 2008~ Miarch2s, 2002 (panel 3); Miarch
UIRZ00sEVarch 14, 2003 (panel™d)-ltelt: H=12 km. Right: H=14 km.
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Changes I inter.'rTaI WWaves activity (averaged over the North (IN),and Seuthi(S)

FEmISeees) during 2001 — 2003 years at diffierent altitudes e
umogp arer Right: 12 kmiandi1i4.km (toprand bottemipanels; respectlvely)
- d 18 km (top and bottenipanels; respectively).
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Crlziplejes ) inteFrTaI \Waves activity (averaged over the Earth glebe) during
ZOOIRSZ005 1y ears at different altitudes in the atmosphere. Rights20miane
p2NanN o ana bottom panels; respectively). L efite24andi26ikm (top and
IEIEITINANE]S, respectively).
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ChERgesimmemaiNaves activity (averaged over the Earth glele) during
ZO=2005 years al different altitudes in' theraimosphere. L efts 20kmiand 22
nNeeN Eidendirneht panels, respectively); 24 and 26 kim(13pLieii Eit 2 Mss
IEINSZNEIS, Tiespectively). Riigntsiziand 14 kmi (top lEft'andiright panels,
[EespEeuValy): 16 and 18 km (bottem Iefit and right panels, respectively)
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oncusonse
— i

ANIHEEEVENSYES Of the Intrediiced relationshify consiStimps s
dhReessility to separate thelayeredsiuciure andl turbulience contributions to RO
<l ejfle
ZYRCN9pSSI0ILyAORESI IfEIESHERSISONBHCHN NRUIE ElimospheEre by aividing| the
Eicsieneieitanensiioundirem anplittdeandiphase data

E)Raapssiiity toilocate the layered structures in the atmosphere with accuracy in
EIEIS "ﬁ'a CENem the standard position of the tangent point of about £100 km;

(4) 2 e 0 \~ 1l terestablishithe 1enospheric or atmaspheric origin of the
amo,l-r jaeiend phiasevariations of RO signal.
B)lapossibility to estimate horizontal gradients in the lower ionosphere

—— ' :.' =.1At therfirst inf RO practice the internal wave breaking phenomenon has been
. _“L.._.,_k plsened
__dJEI‘ Sihe internall wave (IW) portrait, which consists of the altitude dependence of the

= W phase, amplitude and vertical spatial frequency, can be retrieved from the
amplitude and. phase variations of the RO signal.

Y., The gravity waves (GW) dispersion and polarization relationships allow one to
estimate the vertical profile of the horizontal wind perturbations, its vertical
gradient, the GW. intrinsic phase speed, the potential and kinetic energy and, under
some assumptions, the intrinsic frequency as functions of height in the atmosphere.

Y. At the altitudes 12 km, 16 km, and 20 — 26 km the wave activity is gradually
diminishing by 10% — 40% when the time changes from September 2001 to
September 2003. This diminishing may be connected with changes in the intensity
of the meteorological processes, types of the atmospheric circulations, and, very
likely, with reductioniin solar activity.
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