HacellleHHbIC BHYTPEHHHE BOJIHBI B aTMochepe Mapca
110 JAHHBIM AHAJIU3A PAIM03ATMEHHBIX U3MEPEHUN
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OJIHOBBLIC IIPOLCCCHI OKAa3bIBAIOT 3HAYHNTCIIBHOC  BJIUSAH . MHUYCCKUHN

~~"CoCTaB W TEILUIOBOM pexuM armocdepbl Mapca. Baknas poib BHYTPEHHHX I'DABHTAIlMOHHBLIX BOJIH
(BI'B), B mepByro odepenn, cBsizaHa ¢ obecnedyeHHeM HMH 3()PEKTUBHOTO MEXaHM3Ma IEepeHoca
SHEPrMU M TOPU3OHTAIBHOTO MMITYJIbCA M3 HMKHUX YPOBHEH atMocdepbl Ha BepxHHe. MCTOYHUKOM
reHepainiuu  BI'B B armocdepe MOryr SBISTHCS: TEIJIOBBIE KOHTPAcThl BOJM3M TMOBECPXHOCTH,
Tornorpadusi, CABUroOBasi HEYCTOMYMBOCTh BETPa, KOHBEKIMS U (pOHTAIBHBIE TIpoliecchl. B armocdepe
3eMJI B OTCYTCTBUE JUCCHUIIAIIMN SHEPTHUM, AMIUIATYAA BOJHOBBIX BO3MYILEHUI CKOPOCTH BETpa WU
TEMIIEpaTypbl PACTET NPUMEPHO IKCHOHECHIIUAIBHO C YBEIIMYEHUEM BBICOTHI M MIO3TOMY BO3MYIIECHUS C
MaJIOW aMIUTUTYA0M BOJIM3U MOBEPXHOCTH MOTYT HMPOU3BOJAUTH 3HAYUTENbHBIE d()(PEKThl HA OOIBIINX
BBICOTAX, IJI€ MPOUCXOAUT OOpPYIIIEHHE BOJIH U Iepe/iaya SHEPruu U rOpu3oHTaIbHOr0 uMmnyiabca BI'B B
HEBO3MYIIEHHBIN MOTOK. [IOCKOJIBKY BHYTPEHHHUE T'PAaBUTAIMOHHBIE BOJIHBI SIBJISIFOTCS XapaKTEPHOU
0COOCHHOCTBIO YCTOMYMBO CTPATU(OUIIUPOBAHHON aTMochepbl , TO
aHaJioruyHbie d(PGEeKThl MOXHO OXHuAaTh B atMochepax Benepsl u Mapca

[Tonararotr, 4TO0 BHYTPEHHHE BOJIHBI MOTYT UrpaTh 00Jie€ BAXHYIO POJib B (POpMHUpPOBaAHUU

UPKYJSIIUKU, TEIJIOBOIO PEXUMMa U CTPYKTYphl armocdepbl Ha Mapce, yeM Ha 3emJje, TaKk Kak BO
MHOrux ciyyasx amimutyasl BI'B B armocdepe Mapca oka3biBatoTCsl CyIIECTBEHHO OOJIbIIIE CBOUX
36MHBIX AHAJIOTOB Hamu paspaboraH OpuUTHHAJIBHBIA METOJ WACHTU(PUKAIUU
JTUCKPETHBIX (Y3KOCIEKTPAIbHBIX) BOJHOBBIX COOBITUM W ONpPEACICHUS XapaKTEPUCTUK BHYTPEHHHX
IPaBUTALIMOHHBIX BOJIH HA OCHOBE aHaJIW3a BEPTUKAJIBHOIO MPO(uis Temmeparyphl, MIIOTHOCTA WIIH
KBaJpaTa 4acToTbl bpeHnra-Bsiicsns B arMocdepe MIaHeTh
CdopMynupoBaH U 000CHOBaH MOPOTOBBIN KpuTepuil uaeHTudukanuu BI'B, B ciaydae BBINOIHEHUS
KOTOPOTO aHAJIM3UpyeMble (DIyKTyallud MOTYT PAacCMaTpUBAThCS KaK BOJHOBBIC MPOSBICHUA.
[TokazaHO, YTO MAHHBIM METOJ HCCIEIOBAHUS BOJHOBBIX IMPOILECCOB MOXHO NMPUMEHSTH ISl aHAIU3A
BEPTUKAJIBHBIX MPO(uUiIeH TeMmIeparypbl WIM IUIOTHOCTH, MOJYYEHHBIX JIOOBIMU CIIOCOOAMM KakK B
atMocdepe 3eMin, Tak U B atMocdepax Benepsl u Mapca. 2



[IpoBeaeHre 0OPAOOTKM M aHAJIN3a BEPTUKAIbHBIX
npouiied TEMIIEPaTypbl, BOCCTAHOBJICHHBIX W3
pPaaMO3aTMEHBIX H3MepeHnr wmuccuud MARS
GLOBAL SURVEYOR, i uacHTU(UKALIMA
IUCKPETHBIX BOJIHOBEIX COOBITUH 5|
PEKOHCTPYKIIUM  XapPaKTCPUCTUK  BHYTPEHHHUX
IrpaBUTALIMOHHEIX BOJIH B atMocdepe Mapca.
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Figure 1. Wave-like perturbations observed 07 April 2001 in the high southern latitudes of the Earth’s
atmosphere from the CHAMP GPS RO vertical temperature profile. In successive panels the vertical
profiles of temperature (left), normalized temperature variation (middle), and Brunt-Vaisala frequency
squared N? (right) are plotted. Solid and dotted lines represent the raw and background data,
correspondingly. Background profiles were determined by a least-squares cubic polynomial fit of raw data
within the selected altitude interval from 25.5 to 32 km of wave observations. 10
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Figure 2. The same as Figure 1, except from radio occultation conducted in
the high northern latitudes of the Earth’s atmosphere on 15 January 2002.

11



> analysis ir

The data on the vertical temperature profiles of the MGS mission were taken by us from NASA’s archive
of the planetary data system and they were
the primary material for processing and analysis in order to identify IGWs and reconstruct wave
characteristics in the Martian atmosphere. The vertical resolution of these temperature profiles, which
depends on the geometry of the experiment and the wavelength of the sounding signal, is limited by
diffraction effects and is ~1 km. Near the planet’s surface, where the restored profiles are most accurate,
the standard deviation of temperature fluctuations is equal to about 0.4 K, which corresponds to the value
of relative data spread of ~0.2% The vertical resolution of the temperature data was
significantly different for different profiles, but it was not worse than 1250 m
Therefore, to ensure consistency in data processing and to simplify the spectral analysis of investigated
fluctuations, the altitude interpolation of temperature values was performed each 1250 m. The high-
frequency filtration of temperature fluctuations with a cutoff at 10 km allowed us to exclude structures
with the vertical wavelengths more than 10 km, which may not be caused by IGWs but instead by thermal
tides, occurring most often in the atmosphere above the mountains, particularly over the Tharsis region

At the next step of data processing, the method of an analysis of wave
manifestations and IGW parameter determination was applied to the vertical temperature profiles. As can
be seen from , in the case of a positive identification of IGWs, we can
determine key wave parameters such as the intrinsic frequency, amplitudes of vertical and horizontal
disturbances of wind velocity, vertical and horizontal wavelength, intrinsic vertical and horizontal phase
velocities, density of kinetic, potential, and total energy, vertical fluxes of wave energy and horizontal
momentum, and others. For the further analysis of profiles in order to identify wave events, we have
selected vertical profiles where noticeable quasi-periodic temperature variations were observed, and
intervals of wave observation were determined for each of the selected profiles 12
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Figure 3. Example of IGW observations in the Martian atmosphere from the vertical
temperature profile (data file: 8028X18A .TPS) retrieved from MGS radio occultation on 28
January 1998. The season was late fall in the northern hemisphere (celestial longitude
L=264.60°) and the local true solar time was 05 h 35 m, corresponding to early morning.

A=6.8 km; A=1770 km; E=68.6 J/kg; p=E/Ep=9.2; E=6.7 J/kg;
fl0=0.90; T"=21/®=25.8 hrs; a,=0.61; |u'|=11.7 m/s; [v|=10.5 m/s
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Figure 4. Example of IGW observations in the Martian atmosphere from the vertical temperature
profile (data file: 9133B13A .TPS) retrieved from MGS radio occultation on 13 May 1999. The
season was summer in the northern hemisphere (celestial longitude L .=137.96°) and the local true
solar time was 04 h 13 m, corresponding to early morning. A,=8.2 km;
A=2520 km; E=129 J/kg; p=E,/Ep=11.4; E=10.4 J/kkg; flw=0.92; T"=2n/®w=25.0 hrs; a,=0.57;
u'|=16.1 m/s; [v|=14.7 m/s 14
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he case of fully ;s eaturated T( ¥Waand.wave intduced turbule

Figure 5 shows an example of altitude profiles of variations of the temperature and
buoyancy frequency square in the range of 8—26.5 km restored from the measurements of
the MGS mission on 19 May 1999 in the Martian atmosphere. The indicated measurements
were performed during the Martian summer (L, = 141.03°) at 4 h 10 m of local time in the
atmospheric region with coordinates 18.11° N and 112.65° W (data file: 9139G18A.TPS)
located above the Tharsis mountain volcanic massif. Powerful quasi-periodic variations of
T and NV? with a vertical wavelength of ~6.6 km are identified as manifestations of saturated
IGW in the planet’s atmosphere. Two independent estimates of the wave amplitude, a,=
0.95 and 472 = 1, in good agreement with each other, testify that the saturation degree of
the wave amplitude is not less than 95%, since for saturated IGW with any intrinsic
frequency o, the relative threshold amplitude does not exceed one. The intrinsic frequency
of the internal wave is greater than the inertial frequency approximately by a factor of 2.4
(f/o = 0.42), and its kinetic energy is greater than potential energy by a factor of 1.4. It is
seen from Figure 5 that IGW propagation leads to a strong modulation of the stability of
atmospheric stratification. Local values of parameter N2 reach zero near levels of 9, 15, and
21 km, which assumes here not only dynamic, but also convective instability, and the
occurrence of thin layers of intermittent turbulence in the atmosphere. The red circles on
Figure 5 indicate possible locations of thin turbulent layers induced by the propagation of
saturated internal wave. These thin layers of turbulence having a thickness significantly
less than A and a horizontal extent of the order of magnitude of A, cannot destroy the
structure of the wave field

15



he Martian atmosphere
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Figure 5. Manifestation of the fully saturated IGW (sat. degree > 0.95) in the
Martian atmosphere (Tharsis region) from the vertical temperature profile (data file:
9139G18A.TPS) retrieved from MGS RO on 19 May 1999. The season was summer
in the northern hemisphere (celestial longitude L, =141.03°) and the local true solar
time was 04:10 h, corresponding to early morning. A,=6.6 km;
A =580 km; E=42.7 J/kg; p=E,/Ep=1.4; E=17.6 J/kg; flwv=0.42; T"=21t/®=16.6 hrs;

a,=0.95; |u'=9.2 m/s; v|=3.9 m/s 16
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Figure 6 shows a rare example of so-called “clean” wave observations,
where noise was not discovered in the spectrum of analyzed temperature
fluctuations. Coordinates of the probing atmospheric region and
information about the time of the measurements are shown in Figure 6.
Quasi-periodic variations of 7 and N? with a vertical wavelength of ~4.5
km have been 1dentified as signatures of propagation of inertial IGW 1n
the Martian atmosphere. The intrinsic frequency of the internal wave 1s
close to the inertial frequency (f/o = 0.89), and its kinetic energy 1s
greater than potential energy by a factor of 8.4. The very good
correspondence of the values of the wave parameters reconstructed by
two different ways should be noted. We find that the value 47, > = 0.63
coincides with the estimate of the wave amplitude a, obtained from an
analysis of the temperature data. A comparison shows that the results of
reconstruction of the IGW parameters obtained by two different
methods are practically identical

17
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Figure 6. The same as Figure 5 except from radio occultation (data file:
9140V32A.TPS) conducted in summer (L .=141.85°) at 04:10 h LT on 20 May
1999. Example of “clean” wave observations, where noise was not discovered
in the spectrum of analyzed temperature fluctuations.

A=4.5 km; A,=2080 km; E=39.9 J/kg, p=E/E =8.4; E =4.2 J/kg; f/©=0.89;
1"=21t/®=40.7 hrs; a,=0.63; |u'|=8.9 m/s; |[v'=7.9 m/s

L]
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3pa00TaH OPUTHMHAIBHBIM METON WACHTU(DUKAIUKN JUCKPETHBIX BOJHOBBIX COOBITUH M ONpEETICHUS

XapaKTePUCTUK BHYTPEHHHUX TPABUTAIIMOHHBIX BOJIH Ha OCHOBE aHal3a BEPTUKAIBHOTO MpOduis
TEMITepaTyphl, INIOTHOCTH WJIM KBajipara 4acToThl bpenTa-Bsiicsns B armocdepe mmaHeTsI

. ChopmynupoBaH u 000CHOBaH MOPOTOBLIN KpuTepuil uacHTUudKanuu BI'B, B
CJIy4yae BBIMOJHEHHS KOTOPOTO aHajJu3UpyeMble (IYKTyallM MOTYT pacCMaTpUBaThCs KaK BOJHOBBIE
MPOSIBJICHUS B aTMocdepe.

[Ipumenenue pa3pabOTaHHOTO METOJa K aHajdu3y BEpTUKAJIbHBIX Npoduiaed TeMmeparypsl,
BOCCTAHOBJICHHBIX M3 paauno3aTMEHHbIX usMepeHuri muccun MARS GLOBAL SURVEYOR, nano
BO3MOXXKHOCTh uAeHTU(uupoBate BI'B B armocdepe Mapca u onpenenutb BEIUYUMHBI KIHOYEBBIX
BOJIHOBBIX XapaKTEPUCTUK, TAaKUX KaK COOCTBEHHas 4YacToTa, AaMIUIATYJbl BEPTUKAIbHBIX U
TOPU30HTAJIBHBIX BO3MYILEHUM CKOPOCTHM BETPA, BEPTUKAJIbHAsd W TOPU3OHTAJIbHAA JJIMHA BOJIHBI,
IJIOTHOCTh KMHETUYECKOM W TMOTCHUHUAIBHOW S3HEPTUM, BEPTUKAIBHBIC MOTOKW BOJHOBOW JHEPrUM WU
TOPU30HTAIIBHOIO HWMITYJIbCA . B armocdepe nnanersl Haa paiioHom Dapcuibl
BIIEPBBIC HUIACHTU(PUIIMPOBAHA BHYTPEHHSISI TPABUTAIIMOHHAS BOJIHA, CTENEHb HACBIIICHUS KOTOPOU
cocTtaBiisieT He MeHee 95%. OOHapyxeHHble B atMochepe Mapca BI'B ¢ BepTUKaIbHON AJIMHOW BOJIHBI
4.5-8.2 KM SBJISIIOTCS BOJIHAMU C HHM3KUMU COOCTBCHHBIMH YacCTOTaMM, OJIM3KUMU K WHEPUHUOHHOU
4acTOTE, & X KUHETUYECKAS YHEPIHUsi, KaK IPaBUJIO, HA TIOPAIOK MPEBBIMIACT MOTEHIUAIBHY SHEPTHIO.
PacnpocTpaHeHr€ STUX BOJH BBI3BIBAET 3HAYUTEIBHYIO MOIYJSIIUIO BEPTUKAIBHOW CTAOMIHLHOCTU
arMoc(epHoi cTparuduKaiuy, 4TO TPUBOAUT K CABUTOBOM HEYCTOWYMBOCTH M BOSHUKHOBEHHIO TOHKHMX
pETYJSIPHBIX CIIOEB MIEpeMEKarolIeics TypOyIeHTHOCTH B aTMocdepe Mapca.

Paborta BbImoJiHEHa Mpu 4YacTU4HOW (uHaHcoBoM mnoaaepxkke I[Iporpammbr No7 TIlpesummyma PAH
«IKCTIIEPUMEHTAIbHBIE U TEOPETUUYECKUE MCCIENOBaHUS 00bEKTOB COJIHEUHOM CHCTEMBI U IJIAHETHBIX
cucteM 3Be371. [lepexonHbie 1 B3phIBHBIEC MPOIIECCHI B aCTPODUIUKEN.
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