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IMpuBeneHbl pe3yabTaTbl TPEXMEPHOTO YUCJICHHOIO MOIEIUPOBAHMSI IMANCHUST ACCATUKUIOMETPOBBIX
acTepOUIOB 1101 YIJIOM 45 rpaaycoB Ha TBEpAYIO IIOBEPXHOCTh U B OKeaH NIyOnHOI oT 1 10 6 kM. B pacueTtax
MOJIy4eHbl MAaKCUMaJIbHbIE MAcChl BBIOPOIIIEHHBIX B aTMOC(MeEpy BOIbI, BElleCTBA yIapHUKAa W TPyHTa, a
TaK>Ke Macchl BOIbI, BEIIECTBA yIapHUKA U IPyHTa, OCTaBlIKecs B aTMocdepe yepe3 10 MuUH Iociie yaapa.
OmnpeneneHa Macca ImapoB B BeIOpocax. [TokazaHo, 4To mpU KOCKIX yaapax B aTMocgepy BbIOpachIBaeTCsl B
2—5 pa3 6oJiblile BellleCTBa yIapHUKA 1 TPYHTA, YeM IIPU BEPTUKAIbHBIX.
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BBEIAEHME

IMocne Beixona paboTsl [Alvarez u ap., 1980] crana
O4YeHb MONYJSPHOI Uaesl 0 TOM, 4TO MageHUsI acTe-
pouIOB Ha 3eMJIIO MOTJIM 3aMETHO BIIMSITh Ha 9BOJIIO-
ouio 6rocdepsl U, B YaCTHOCTU, MOTJIUA OBITh ITPUYU -
HOITf MacCOBBIX BBIMUpaHUii. B 3Toit 1 mocaeayommx
CTaThsIX TUX aBTOPOB MOKAa3aHO, YTO MaAeHUe acTe-
pounga pasmepom nopsiaka 10—20 KM MOTJI0 BEI3BaTh
MacCOBO€ BbIMUpaHMe OMOTHI Ha TpaHUIIe MeJla U Ma-
JieoreHa 66 MJIH JIET Ha3aj, B TOM 4uCJie TUOEb TU-
Ho3aBpoB. be1 oOHapyxeH Kparep Yukcynyo [Hil-
debrand u np., 1991], koTopsIii 0BT 0Opa30BaH 3TUM
ynapoMm. Iloucku apyrux KpartepoB, oOpa3oBaHHUE
KOTOPBIX MOXHO OBIJIO OBI CBSI3aTh ¢ KaKUMMU-JINOO
MaCCOBBIMY BBIMUPAHUSIMHU, IO CUX IIOP HE YBEeHYa-
JIMCh ycriexoM. TeM He MeHee, yamapHasi TUIIOTe3a M0-
MpexXHeMy BMAWUTCS BechbMa IepCHeKTUBHON. Bo-
MEPBBIX, OoJiee NBYX TpeTe 3eMJIM MOKPHITO OKea-
HOM, a IIOJBOAHBIE KpaTepPhl HE TOJILKO IIJIOXO U3yde-
HBI, HO ¥ OOJIbIIIEH YacThIO MMPOCTO eIlle He 0OHapy-
XeHbl. Bo-BTOpBIX, Jaxke B TeX cIydasix, KOTaa yaapbl
He ObUIM €IMHCTBEHHOU M OCHOBHOM IPUYMHOM
MAaCCOBBIX BBIMUPAHUI, OHU MOTJIU ObITh TPUITEPOM,
3aITyCKaloIUM WJIU YCUIMBAIOIIMM APYTUE MEXaHU3-
MmHl [Feulner, 2011]. B ¢cBs13u ¢ 3TUM MHTEpECHO Ooee
oaApOoOHO PaCCMOTPETH ITaAeHUS KPYITHBIX aCTEPOM-
JIOB B OK€aH, KOTOPbIC U3YUYeHbI 3HAUUTEIbHO XYyXe€,
yeM yIaphl 110 Cylle.
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OCHOBHbIE ME€XaHU3MbI, KOTOPbI€ MOTYT MPUBO-
JIUTh K TUOEIN XXKUBBIX OPraHU3MOB IIpU yaape (CM.,
"HanpuMep, [Claeys, 2007; Kring, 2007; Rampino,
2020]) B GOABIIOK CTEIIEHU OIPEISIISIIOTCS BHIOPO-
COM BelllecTBa B aTMocdepy B IIpolecce KpaTepooo-
pa30oBaHMs M MOTYT 3aBHUCETh OT CTPYKTYPhl MUIIICHU
(XMMHUYECKOTO COCTaBa I'PYHTAa W HAJIMYMS BOJBI).
I1pu ynape B oKeaH HaJIMYKe CI0sI BOJABI TOJIIINHON B
HECKOJIbKO KMJIOMETPOB MOXET 3aMETHO IIOBJIMSITh
Ha BBIOpOCHI TpyHTa B atMocdepy. Kpome Toro, B aT-
Mocdepy BbIOpAachIBAeTCs MHOIO BOIIbI, KOTOpasI ca-
Ma M colepKalllecs B Heil COJIM MOTYT 3aMETHO IO~
BIUSITh HA XUMUIO aTMOCcephl M pagfuallMOHHBIN Oa-
JlaHc. BbIOpochl BOIbl M BellleCTBa yIapHUKa U
MUIIIEHU TIPU MageHUU JeCATUKIIOMETPOBEIX acTe-
pOUIOB B OKeaH pa3JIMYHOI MIyOMHBI paccMaTpuBa-
JIMCh B HepaBHeit padore [LyBanos, 2021]. B aToii pa-
60Te TTOKA3aHo, YTO MPH IITyOUHAX BITIOTh 10 5—6 KM
Macca BEIOpOIIIEHHOTO B aTMocdepy BelllecTBa yaap-
HUKa U TPyHTa He 6osiee ueM B 2—3 pa3a oTinJaeTcs
OT Macchl BBIOPOCOB MpHU ITaACHUM acTepouaa Ha
TBEPIYIO MOBEPXHOCTh. M TOJILKO IIpU IITyOMHAX MO-
psinka 7 KM U 6oJibiie (0Kojio 1% OT MOBEpXHOCTH
3eMyin) BBIOPOCHI TBEPIOIO BeIIeCTBA 3aMETHO
YMEHBIIIAIOTCS T10 CPaBHEHMUIO C BEIOpOCaMM IpU T1a-
JIIEHUN acTepousIoB Ha cyiry. Mcxonst U3 3Toro, ObLI
cIeJIaH BBIBOII O TOM, YTO IIPU NAaJeHUM aCTePOUIOB
pa3MepoM TIIopsiiKa AECSITU KWIOMETPOB B OKeaH
BO3IelicTBUE Ha aTMocdepy 3eMiiu OyaeT, Mo-BUIU-
MOMY, HE MEHee CWJIbHBIM, YeM IIPU MaaeHUN acTe-
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pouaoB Ha cyiry. OnHako B paccMarpuBaeMoii pabo-
T€ MOJICIMPOBAJINCH TOJIbKO BEPTUKAIbHbBIC TTAAeHUS
acTepOUIOB, XOTsI HAaMOOJIee BEPOSITHBIN YToJl HAaKJIO-
Ha TpaeKTOPUU TaJIal0lIero KOCMUYECKOTro Tejla pa-
BeH 45°. bonee Toro, B psiae padbor (cM., HarpuMmep,
[Shuvalov, Dypvik, 2004; Artemieva, Morgan, 2009])
IMOKa3aHO, YTO Yroj HakJOHa TPaeKTOPWUU CUJIbHO
BJIMSIET HA (DOPMUPOBAHKE U PaCIPOCTPAHEHUE BbI-
OpocoB u3 kparepa. [loatomy HeoOXoQUMO MpPOBE-
pUTh, OYIYT JIU BEPHBI PE3YJIbTAThl U BBIBOJIbI, TTOJTY-
yeHHbIe B padote [IIlyBanos, 2021], ois 6ojiee Bepo-
SITHBIX KOCBIX YIapOB.

ey manHOif pabOTBI — OLIEHUTHh C ITOMOIIBIO
YUCJIEHHBIX 93KCTIEPUMEHTOB, KaK Yrojl HaKJIOHa Tpa-
€KTOPUH TTaJalolIero KOCMUYECKOTO Teja BIUsET Ha
BBIOPOCHI BemiecTBa B atmMocdepy. Emte omHa 3amaua —
OILIEHUTh arperaTHOE COCTOSIHUE BHIOPOCOB (OTHOCH-
TeJIbHBIE MAaCChl MAPOB ¥ YACTUYHO UCHAPEHHBIX BbI-
OpocoB). B nmepBoii yacTu cTaTbu OMMCHIBAETCS MO-
CTaHOBKA 3aJauM U METOMAbI, UCIOJIb3yeMbIe TIpU ee
pelIeHUH; BO BTOPOil — pe3y/bTaThl pacueTa Iaje-
HUST JeCITUKUIOMETPOBBIX acTepOUIOB IO YIJIOM
45° B oKeaH pa3HOM TIyOUHBI; B TPEThEeM YacTu MpHU-
BeIcHbl OCHOBHBIE BBIBOJBI, OOCYKIAIOTCS UCIIOb-
30BaHHbIC TMPUOIMXKEHUS W OCTaBIIMECS] HEBBISIC-
HEHHBIMU BOIIPOCHI.

ITOCTAHOBKA 3AJAYHN
1M METO/J PELUEHWA

st olieHKM BbIOpOCa BOMIbI M TPyHTa B aTMocde-
py IpU KOCBIX yaapax ObUIO MPOBENEHO YUCIEHHOE
MoOJleJIMpOBaHUE MafgeHusl chepruyecKrux KaMeHHBIX
actepouoB AuameTpoM 10 KM 1mon yrioM 45° B okeaH
DIyOMHOI 1—6 KM M Ha TBEPAYIO IIOBEPXHOCTh. ACTe-
pouabl U OTHO OKeaHa CUMTAJIMCh COCTOSIIIMMU U3
kBapiia. CKOpoCTb yIapHUKOB MPUHUMAIACh PaBHOM
20 xm/c. Kak u B pa6ore [IlyBanoB, 2021] pacyeTsl
MPOBOJIMIVCH C TIOMOIIBIO TPOrPaAMMHOTO KOMILJIEK-
ca COBA [Shuvalov, 1999], koTOpbIii HEOTHOKPATHO
MPUMEHSICS Ui MOAEJIMPOBAHUS YAApHBIX SIBJie-
HUIi, B TOM 4MCJie aAeHU acTepOMIOB B MOpe (CM.,
Hanpumep, [Shuvalov, Dypvik, 2004]). OnHako B 1aH-
HOM cJlyyae HCIIOJb30BAJICS TPEXMEPHbI BapuUaHT
nporpamMbl COBA. B pacuerax SIBHO BbIAEJSUIMCH
IpaHULIbl MEXIY BEIIECTBAMU, OMUCHIBAEMbIMU pa3-
HBbIMU ypaBHEHUSIMU COCTOSIHUS (B JaHHOM cllyyae
BO/Ia, BO3AyX W TpyHT). Pa3zmep pacueTHoii ceTKu
400 x 200 x 400 syeex: 1mo 400 ToueK B BEpTUKAJIb-
HOM (OCh /) U TOPU30OHTAJILHOM BHOJb TPAEKTOPUU
(ochb X) HanpaBieHusix u 200 ToueK B TOPU3OHTATb-
HOM TEepHEeHAUKYJSIpHOM Tpaektopuu (och Y) Ha-
MpaBJIeHNU. YUUTbIBAIACh CAMMETPUSI TEUEHUSI OTHO-
CUTEILHO BEPTUKAJIbHOM TIocKocTr Y = 0, Ipoxosi-
el uyepe3 TpaeKTOPMIO TIaJalolllero acTepouja.
Hauanbnbrit pa3mep sueiiku 125 M (80 Touek Ha qua-
MeTp yAapHHKa), IO Mepe pasjieTa aTMOcdepHOro
IuitoMa, obpasyronierocsi pu yaape, U yBeJUYeHust
BO3MYILIEHHOM 00JIaCTH STYSHKM yaIBanBaJIMCh, HA 3a-

KJTIOYMTEJIbHON CTaIMM pacuyeTOB pacyeTHass CeTKa
OblIa HepaBHOMEPHOI, T4eiiKi yBeJIMUMBAJIUChH T10
Mepe yaajeHUsI OT 3IUIEHTpa yaapa. MakcuMaib-
HBII pa3mep pacueTHoi obmacti coctasisur 20000 X
6000 x 4000 kM BmoJjb oceii X, Y, u Z COOTBETCTBEH-
Ho. [Tpu Takmnx OONBIIMX PACCTOSHUSX, B IIPUHIIUIIE,
Ha pe3yJbTaThl MOXET BIIMSITh COEPUIHOCTD 3eMJIN,
KOTopasl B JaHHOI paboTe He yuyuThiBasiach. OqHaKO
3TO BIUSIHUE HE JOJDKHO OBITh OYE€Hb CUJIBHBIM, T.K.
XapaKTepHbIA BEpTUKAJIbHBIII pa3Mep 3amadu (TOJ-
1IMHA aTMOCMepbl) MHOTO MEHbIII€ TOPU30HTAIBHBIX
pasMepoB. st ommcaHUSI TEPMOAUMHAMMUYECKUX
CBOIICTB BO3/lyXa MCIOJb30BaIOCh TAOJIUIHOE ypaB-
Henue coctostHus [Kysneuos, 1965]. Iag onmucanus
TepMOIMHAMMKM BOIBI 1M KBapllia, Kak U B paboTte
[[OyBanmoB, 2021], WCHOIL30BAINCH TaOJIWUHBIC
ypaBHEHUSI COCTOSIHUSI, TIOJIyUeHHBIE TI0 ITpOrpaMMme
ANEOS [Thomson, Lauson, 1972]. PacnpeneneHue
IUIOTHOCTU U AaBJICHUSI BO3AyXa IO BHICOTE B PABHOBEC-
HOM aTMocdepe 3eMyIM 3a1aBajioCh COITACHO MO
CIRA [COSPAR International Reference Atmosphere,
ftp://nssdcftp.gsfc.nasa.gov/models/atmospheric/ci-
ra/cira86/]. la3zoguHamMuyeckoe NPUOIMKEHUE pa-
6ortaeT 10 BhIcOT mopsanka 400 KM, BbIlIE IIpoOeT
YaCTUI] CTAHOBUTCS OOJIbIIe XapaKTEePpUCTUIECKOM
BBICOTHI aTMOC(epbl. YUUTHIBAS 3TO, B KAUECTBE I'pa-
HUYHBIX YCJIOBUM Ha BEPXHEW I'paHULIC PACUYETHOM
ceTKHU, Kak u B padote [IllyBanos, 2021], ucromnbs3o-
BaJjlach Ipolieaypa, onucaHHas B padote [LllyBanos,
XazuHc, 2018]. YpaBHeHUs Ta30BOM TMHAMUKM peE-
IIAJTMCh 1 Ha BeIcoTax 0osee 400 KM, Tpy 3TOM TIepu-
oauyecku (B JaHHOM ciiydyae oauH pa3 3a 50 pacuer-
HBIX CJIOEB) 00JacTh, Ilie MJIOTHOCTh I'a3a MEHBIIIE,
yeM paBHOBECHAs INTOTHOCTH Ha BeicoTe 400 KM, 3a-
MoJIHsIach (POHOBBIMU 3HAUYEHUSMU TIJIOTHOCTU U
JIaBJICHUS W HYJIEBBIMU CKOPOCTSIMU. Takue rpaHny-
HBIE YCIIOBMSI HE BIIMSIOT HA TeUYeHME Ha BHICOTAaX 10
200—300 kM, 06ecrieynBaOT MaKCUMaIbHO OOJIBIION
BPEMEHHOI IIar M IO3BOJISIOT aKKypaTHO OITMCHI-
BaThb aTMOC(MEpPHBII IUTIOM, KOTOPBIi ITOTHUMAETCS
Ha BBICOTHI B THICSITYU KMJIOMETPOB.

ITpu pacuere Kparepoobpa3oBaHUs, KaK 1 B paboTe
[[OyBanoB, 2021], yuuThsIiBajlach IIPOYHOCTH TPYHTA
no monenn KyimoHna—Mopa u akyctuueckast piarou-
mu3anus [Wunnemann, Ivanov, 2003].

PE3YJIbTATbBI PACUHETOB

Ha puc. 1 moka3zaHa camasi HadyajJbHas CTaaus
(nepBbie 10 cexyHn mMocje HadyaJlbHOrO KOHTaKTa
yIapHUKa ¢ TTOBEPXHOCThIO BOJIbI) MAaJACHUS IECATU-
KUJIOMETPOBOTO acTepourJa B OKeaH IMTyOUHOI 4 KM
non, ymioM 45° u BeptukaiabHo. OCHOBHOE pa3jinyue
MEXIy KOCBIM M BEPTUKAJIbHBIM yIapOM COCTOUT B
TOM, UTO TIPU KOCOM yIape paszJjieTaronieecsi B aTMO-
chepy obi1ako BEIOPOCOB U3 Kparepa (IJII0M) HaYr-
HaeT (hOpPMUPOBATHCS paHbllIe, UMeeT OO 00b-
€M U IoJTHMMaeTCs Ha OOJbIIyI0 BEICOTY. OOBSICHSI-
€Tcsl B3TO TeM, YTO TIpU BEPTUKAIBHOM yaape
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Haubosee ropsiast (MCIbITaBIIas HanboJjiee CUIbHOE
yaapHoOe cxKaTue) Macca MUIIIEHU W yIapHUKa Mpo-
JoJDKAaeT OBUTAThCSI BHM3 UM BOAaBJIMBaeTCs B OoJjiee
IyOOKMEe CI0M MMUILIEHU, He UMesI BO3MOXHOCTHU
pasziieraTbcs BBepX. B ciiygae Kocoro ymapa 3Ha4yu-
TeJIbHAsl 4acTh TOpPSIYETO BEIIECTBA BHIIABIMBACTCS
BOOK M OBICTPO HAUMHAET paCIINPITHCSI B aTMocde-
py. Kpome Toro, ripu HaKJIOHHOiT TpacKTOpUU yaap-
HUK HEMOCPEACTBEHHO BO3IEHCTBYeT Ha OOJIBIIYIO
IUIOIIAAb ITOBEPXHOCTU MUIIEHU (OONbIlIe dHEPTUn
BBIAEJISIETCS BOJIU3Y TOBEPXHOCTH ).

I1pu BepTUKaIBEHOM ygape B MOMEHT BpeMeHH 10 ¢
MPaKTUYECKN BCE BEIECTBO yAapHUKAa W TBepaoit
MMUILIEHU ellle HAXOAUTCI HUKE YPOBHS MOPSI, TITIOM,
MOTHUMAIOIINMCS Ha BBICOTY OKOJIO 70 KM, COCTOUT
HUCKJTIIOUMTEIbHO U3 BOABI M ropsiuero Bo3ayxa (KOTo-
pBIIl HA PUCYHKaX He ToKa3aH). B To ke BpeMs npu
KOCOM yJape 3Ha4yMTeIbHast YaCTh MacChl yIapHUKa,
“oTpaxasich” OT MOBEPXHOCTH OKeaHa BbIOpachIBa-
eTcst Ha BEICOTHI 70 100 kM. IIpu sTOM mumom pasie-
TaeTCs MPEUMYILIECTBEHHO B HAIPaBJICHUM JIBUKE-
HMs yIaBIIEero acTepouaa (CripaBa HaJIeBO).

Ha puc. 2 noka3zaHa MO3aHsIsI CTaaus TeX XKe yaa-
poB. YUepes MUHYTY TTOCTIE yaapa B 000MX CIyJasx aT-
Moc(MEpHBII TUTFOM TTOTHUMAETCST Ha BBICOTHI TTOPSIIKA
500 KM ¥ TIpomoJIKaeT paclIupsIThCSI BBEPX U BOOK.
IIpu aTOM 061aK0O U3 BellecTBa yAiapHUKa 1 TPYHTa,
obpasoBasIeecs] TOCIe BEPTUKAJIBHOTO ymapa, Ha-
XOJIUTCSI BHYTPU BoAsiHOro o0saka. ITpu kocom yna-
pe Boma, TPYHT M BEIlleCTBO YIapHUKa B ILUTIOMe 0oJiee
pPaBHOMEPHO TIepeMeITaHkbl.

IMToctenenHO GOMBIIAS YaCTh MUIOTHOTO KOHIEH-
CUPOBAHHOTO BeIlleCTBa M3 IUIIOMA OCaXKAaeTcsl Ha
IMOBEPXHOCTh OKeaHa IT0JI JCMCTBUEM CUJIBI TSKECTH
a pa3pexXeHHbIe, YACTUYHO KOHAEHCHUPOBAHHbBIE TAphl,
TOPMOBSITCSI B TUIOTHBIX CJI0SIX aTMOC(Ephl U uepes
20 MuH (popMUPYIOT 00JIAKO MApOB U MEJIKUX KOH-
JEeHCUPOBAHHBIX YACTUIL BOAbI, TPYHTAa W yIapHUKaA
pa3sMepoM B HECKOJIbKO THICSIY KUJIOMeTpoB. ['opu-
30HTaJIbHbIE pa3Mephbl 3TOTO 00JIaKa MPU KOCOM yaape
MIPUMEPHO BABOE OOJIbIIE, YeM ITPU BEPTUKAIIHBHOM.
TopMozkeHue TUTIOMA B IMJIOTHBIX CIIOSIX aTMOcdephl
IIPUBOIUT K €r0 Pa30TPEBY U ITOBBIIICHUIO JaBICHUS,
B pe3y/IbTaTe Yero IIIOM OMSTh HAYMHAET pacCIliu-
pSTBCSI BBEPX, MIOTOM OMSITh TOPMO3UTCS CUJION TSI-
XecTu U T.10. Pe3ynbTarsl, IIpUBeIeHHbIC Ha pucC. 1—
pucC. 2, TOKA3bIBAIOT, UTO XapaKTep TeUeHUs U Mapa-
METphI 00pa3ylolierocsi odjaka BEIOPOCOB ITPU KO-
COM yJape CyIIeCTBEHHO OTJIMYAIOTCS OT Habjrogae-
MbIX B CIy4ae BEepTHKAJIBbHOIO yaapa.

Ha pwuc. 3 mokazaHbl 3aBUCHUMOCTH OT BpeMEHU
Macc BOJIbI, BeIlIeCTBA YIapHUKA U CYMMapHO Mac-
CHI BellleCTBa yIapHMKa W TpyHTa B aTMocdepe Ha
BBICOTax GoJiee 16 KM IpU MageHUU TeCITUKIIOMET-
POBOTIO acTepoOnIa B OKeaH NIYOMHOI 4 KM IO YTJIOM
45 rpamycoB. 3HaueHUe 16 KM BBIOpaHO Kak Xapak-
TepHOE 3HaYeHNE BBICOTHI COBPEMEHHOI TpoIomnay-
3bI, T.€. paCCMaTpMBAJIaCh Macca BeIlecTBa, BHIOPO-
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IIIEHHOTO B COBPEMEHHYIO cTparocdepy U BBHIIIIE.
EcTth nBa cniocoba ormnpeneieHUsI B pacuyeTax MacChl
BellleCTBa, BBIOpoIIeHHON B atMocdepy. Ilepsrbrit
COCTOUT B TOM, YTOOBI MOACUYUTHIBATH 3Ty Maccy 1o
pacnpeaeaeHrsIM TMJIOTHOCTM (MOKa3aHHbIM — Ha
puc. 1—puc. 2). Bropoii ocHOBaH Ha UCITOJIb30BaHUN
MapKepHBIX YacTull, KOTOpble TepBOHAYAJIbHO paB-
HOMEPHO pacrpeaeseHbl B MUILIEHU U yIapHUKE U B
JNaJibHelIlIeM nepeMellaloTcsl CO CKOPOCThIO TeUEHUS.
KaxnoMy mapkepy NpUITMCBIBA€TCSI COOTBETCTBYIO-
11asl Macca, 1 1o pacnpeaeaeHrno MapKepoB MOXKHO
MOCYMTATh MaccCy BBIOPOCOB Ha pa3HbIX BbICOTAX.
Kaxnpiit 3 311X c10cO00B UMEET CBOM JOCTOMHCTBA
n HepocTaTku. IlepBoIii cmoco0 He MO3BOJISIST MPO-
CleUTh U3MEHEHHE BO BpEeMEHU IapaMeTpOB BbI-
OpOILIEHHBIX 4YacTull (IaBJIeHUsI, TeMIepaTrypbl u
T.1.), OTIPEIEINTh, U3 KaKoi 00JIaCTU MUILIEHU BHI-
OpollieHa Ta WJIM UHas yacTuia. B yactHocTH, B aH-
HOM KOHKPETHOM cjly4yae TBepJasi MUILIeHb U yaap-
HUK COCTOST U3 OJHOTO BelllecTBa (T.K. MporpaMmma
COBA He no3BoJisieT paccMaTpuBaTh 6oJiee Tpex pas-
HbIX MaT€pUaJIOB), OATOMY TIEPBbI CIMTOCOO MO3BO-
JISIET ONpPeNeIUTh TOJIbKO CyMMAapHYIO Maccy BbIOpO-
ILIEHHBIX B aTMOC(depy I'pyHTa U BelllecTBa ylapHUKa.
Bropoii crioco6 suiieH 3TUX HEIOCTATKOB, OJHAKO
TepeaBUXKEHE MapKEPOB MOXKET HE BITOJTHE COBITAAaTh
C IBM>KEHUEM CIUIOLIHOM Cpeibl, Ha KOTOpoe (B OTJIM-
yue OT MapKepoB) NeificTByeT cxeMHasi Bsi3kocTb. Ha
puc. 3 TIoKa3aHbl pe3yabTaThl, TTOJYYeHHbIE 000UMU
cnocobamu. B HavajbHbIE MOMEHTBI BPEMEHU pe-
3y/JIbTaThl XOPOIIIO COBMAJAIOT, Ha MO3IHEN cTamuu
IEePBBIN crtocod maet Macchl, Ha 20—30% meHbIINE,
yeM BTOpoii. OTYacTu 3TO pasuuue CBSI3aHO C TEM,
YTO B MO3IHUE MOMEHTHI B HEKOTOPbIX STUYeiKax KOH-
LIEHTpAaLUsI BLIOPOCOB CTAHOBUTCSI OYSHb MaJIeHbKOM
WM OllHA siyelika, coaepKalliasi BBIOpOCHI, OTpbIBa-
€TCsl OT IPYTUX, B TUX CIIydyasix BEIIeCTBO BHIOPOCOB
3aMeHsieTcsd (C COXpaHeHHMEeM MacChl U DHEPIuM)
oKpyxarwiueii cpemoil. Kakoil m3 3TuX crnoco6oB
Jiydlle, cKa3aTb TPYJAHO, B JJI0O0OM ciyyae pasinyue
HEe OYeHb BeluKo. B maHHOIi pabGoTe MCHoab3yeTcs
BTOPOIi coco0 (MapKephbl), KOTOPbIi MO3BOJISIET TTO-
JIy4uTh Oosibllle MH(pOpMalIMM O BIOpOCAX B aTMO-
cohepy.

ITpumepHoO Yepe3 MUHYTY TTOC]Ie yaapa Macca Bbl-
GpOCOB Ha BEICOTax OoJjiee 16 KM JOCTUTaeT MAaKCHUMY-
Ma, TIocJjie 3TOrO HauMHaeT YMEHbIIaThCsl 3a CUeT Ma-
JIeHUs TUTIOMa B TI0JIe TSKECTU M K MOMeHTY 10 MuH
BBIXOJIMT Ha O0Jiee UM MEHee CTallMOHapHOE 3Have-
Hue. [ToaTomy 66JbIIast YaCTh paCYETOB 3aKaHUYMBa-
JlaCh B 9TOT MOMEHT.

Ha puc. 4 s Bcex MocuMTaHHbBIX BADUAHTOB Ma-
NIEHUSI AECATUKUIIOMETPOBBIX ACTEPOUIOB MO/ YTJIOM
45° mpuBeaeHbl MAaKCUMaJbHbIE MAacChl BOJIbI, TPYHTA
1 BellleCcTBa yoapHUKa Ha BeICOTax 6osiee 16 KM 1 co-
OTBETCTBYIOIIME 3Ha4YeHHUs yepe3 10 MHUHYT mocie
yaapa. [1pu Bcex pacCMOTPEHHBIX TITyOMHAaX BBIOPO-
Chl BellleCTBa yIapHUKa W TpyHTa MPU KOCOM yaape
Ooblie (B 2—5 pas), yeMm npu BepTukajaibHOoM. Oco-
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Puc. 1. PacnipeneneHusi TUIOTHOCTM BOIBI U BELUECTBA YIapHMKAa W IpyHTa B F/CM3 yepe3 1, 3 u 10 ¢ nocne naneHust
NECATUKWIOMETPOBOTO acTepouia co ckopocTbio 20 KM/c roa yriioM 45° (cneBa) U BepTUKaIbHO (CIipaBa) B OKeaH IyOUHOM
4 kM. YepHast TMHUS TTOKa3bIBaCT rPaHMILy MEXIy BOIOI M BELIECTBOM yIapHUKa U MUILIeHU. Bce paccTossHUsl U3MepeHbl B
KUJIOMETpax.
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Puc. 2. PacrnipeneneHusi TUIOTHOCTM BOABI M BEIleCTBAa yIapHUKa W TPyHTa B I"/CM3 yepe3 1 m 20 MUH TIOCTIe TaIeHUS
JIECITUKMUIIOMETPOBOTIO aCTEPOMIa CO CKOPOCThIO 20 KM/C MO yIjioM O, = 45° 1 BepTUKAJIbHO B OKeaH NIyonHoi 4 kM. YepHas
JIMHUSI IOKAa3bIBAET IPAHMILY MEXIY BOIOM 1 BEIECTBOM yIapHUKA M MUILIEHU. Bce paccTostHusI U3MepeHbl B KIJIOMETPax.

OEeHHO BeJIMKa 3Ta pa3HMIA MPU MaJIbIX NIyOMHaX U
HageHUM acTepoura Ha cyury. Kak v ipy BepTUKaIbHBIX
yaapax, MakKCHMaJlbHasi Macca BBIOPOIIIEHHOTO B aTMO-
cepy TpyHTa YMEHBILIAETCS C YBEIMUEHUEM IIyOUHBI, a
Macca BEIOPOIIIEHHOI BOObl yBemuuBaeTcs. OmHaKO
IPpU BEpTUKAIBHBIX yAapax 3aBUCUMOCTbD OT IIyOUHBI
Macchl TPyHTa U yAapHUKa, ocTarolieiicst B atMocde-
pe nocJie naaeHusi TIIoMa B MoJIe TSKeCTH, ObLa He-
MOHOTOHHO# ¢ MAaKCMMYMOM IIpU NIyOMHE OKeaHa 2
KM, B TO BpeMsI KaK IIp1 KOChIX yIapax Macca I'pyHTa Ha
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BbIcoTax OoJiee 16 kM yepe3 10 MUH nocJie yrapa MO-
HOTOHHO YMEHBIIIAETCS IPU YBEIUYCHUU ITyOMHBI.
Macca BemiecTBa yIapHUKa, BEIOPOIIIEHHASI B aTMO-
cdepy BhIIe 16 KM (M1 MakKCcHMabHasl, 1 yepe3 10 MuH
nocJje yaapa), CpaBHUTEIbHO ¢/1ab0 3aBUCHUT OT IJTy-
OouHbI okeaHa. [ToaToMy mpu MaJTbIX NIyOMHAX Macca
BBIOPOIIIEHHOTO B aTMoc(depy I'pyHTa 3HAYUTEIBHO
(B 3—5 pagz) mpeBbIIaeT Maccy BellleCTBa ylaapHUKa
Ha BbIcoTax 6osiee 16 KM, a mpH IyOMHE oKeaHa 6 KM
OKa3bIBaeTCs IaXKe MEHBIIIE €€e.
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Puc. 3. 3aBUCUMOCTH OT BPEMEHU MacChl BOAbI (Cephlie
KpUBbIe), yoapHWKa (IIyHKTUP) U CyMMapHON MacChl
ITPyHTa U yoapHUKa (4epHble KpUBbIE) B aTMocdepe Ha
BbIcOTax 0oJjiee 16 kM. Macchl U3MePSIOTCSI B Maccax ra-
naioiiero acrepovaa. ToJICTble KPUBbIE COOTBETCTBYIOT
MPSIMOMY UHTETPUPOBAHUIO pactpeaeieHUi TUNIOTHOCTH,
TOHKUE MOJIyYEHbI C MOMOLLBIO MAPKEPOB.

3a (POHTOM yIapHBIX BOJIH, OOpa3yIOILIUXCS B
mpoliecce ynapa, 3HauYMTelbHas 4YacTh BelllecTBa
yIapHUKa U MUIIEHW HarpeBaeTcsl TO TeMIEeparyp,
OIM3KUX K KPUTUYECKOI, COOTBETCTBYIOLIECH KPUTH-
YyeCcKOil ToukKe (pa30BOro paBHOBECUS “XKUIKOCThb—
map”. Ilpm pasrpyske 1o aTMocdepHOro IaBJICHUS
5TO BEIIECTBO MOXET YacTUYHO WJM IIOJHOCTBIO
npeBpaTuThes B 1ap. JJisi olleHKU 10JTrOBpeMeHHbIX
MOCJENCTBUN yIapOB KOCMUYECKUX TeJI HEOOXOIMMO
OLICHUTh KOJIMYECTBO T1apa B BHIOpOCax, TakK Kak ar-
peraTtHoe COCTOSIHUE€ BBIOPOIIIEHHOTro B aTMocdepy
BellleCTBa CWJIBHO BJIUSIET HA XUMUUYECKHE ITPOLIECCHI,
MpoTeKawlINe MPU B3aUMOJIECTBUU BLIOPOCOB C aT-
Mocdepoid.

Ha puc. 5 nokasaHbl 3aBUCHMOCTU OT IJIYOUWHBI
OKeaHa MacChl BBIOPOCOB, MCMBITABLIUX TIPU yaape
YaCTUYHOE WJIY TIOJIHOE MCMapeHUe, U MacChl IapoB
OTIEJIBbHO JIJIS1 TPYHTA, BOABl U BElleCTBA yIapHUKa.
Ipu nageHUM acTepouIOB Ha Cylly OObIlIasl YacThb
BBIOPOCOB I'PyHTa COCTOUT U3 KOHAEHCUPOBAHHOTO
BEILIECTBA, C YBEJIMYEHUEM IIIYOUHBI J0JIs1 KOHAEHCH-
POBaHHBIX BBIOPOCOB yMeHbllaeTcs. Ilpu rybuHe
okeaHa 6 KM IIPaKTUYECKU BECh TPYHT, BHIOPOIIICH-
HBI Ha BBICOTHI OoJiee 16 KM, MCHBITAJ YaCTUYHOE
ucrapeHue. Macca napoB Ipu Bcex NIyOMHax co-
crapisier 7—10% oT Macchl TpyHTa, BRIOPOIIEHHOTO
Ha BBICOTHI OoJtee 16 KM.

ITouT BCe BellleCTBO yAapHWKA, OCTaBIleecs B
atMocdepe Ha BEICOTe bostee 16 kM, yepes 10 MuH 1mo-

10

OrHocuTeJIbHasg Macca
—_—

0.1 Il Il Il Il Il
0 1 2 3 4 5 6

ImyOuna okeaHa, KM

Puc. 4. 3aBUCUMOCTH OT IJTyOMHBI OKeaHa MacChl BOJbI
(cepble KpUBBIE), yIapHUKa (IIYHKTUP) U TPyHTa (4epHbBIC
KpUBBI€) Ha BbICOTax OoJjiee 16 KM mociie maaeHus Aecs-
TUKUJIOMETPOBBIX acTEPOUIIOB CO CKOpocThio 20 KM/c
roa yrjioM 45°. Maccel u3MepsIioTcsl B Maccax najaarolie-
ro acrepouza. TolicTbie KPUBBIE COOTBETCTBYIOT MOMEHTY
BpeMeHM 10 MUH, TOHKME — MaKCUMaJTbHOMY 3HAYEHUIO
(mpuMepHO Yepe3 OmHYy MUHYTY Ttociie ymapa). Cepas
MyHKTUPHAasi KpUBasi COOTBETCTBYeT CyMMapHOil Macce
yaapHUKa M TPyHTa Ha BbIcoTax 6osiee 16 km uepe3 10 MuH
ocJjie BEpTUKAJIBHOTO yiapa.

cJie ymapa WCITBITAJIO YaCTUYHOE WUIM TTOJTHOE MCTa-
peHue. Macca TTapoB ymapHUKa TIpH BCeX TITyOMHaX
okeaHa 0;m3Kka K 10% ot ero monHoi Macchl. [1pu-
MepHO 70—80% Macchl Boobl B aTMoc(depe Ha BBICO-
Tax 60see 16 km yepe3 10 MUH TToCITe ynapa UCITbITaIn
YaCcTUYHOE WJIM ITOJHOE MCIapeHue, okoiao 50% —
yucThle mapbl. st pacueTa Macchl MapoB ST Kax-
IO MapKepHOM YacTUIIhI 3alTOMHHAJIOCh MaKCH-
MaJIbHO€ JaBJICHUE, UCTTBIThIBAEMOE MPU MPOXOKIL-
HUU yIapHO BOJIHBI, U 3apaHee pacCUMTaHHBIC 1O
amrabaraM pas3Tpy3Kd IO HOPMaJIBHOTO aTMochep-
HOTO JaBJICHUSI 3aBUCUMOCTH MAacChl ITapoB OT JaBJie-
HUS 3a (OPOHTOM yIapHOU BOJHBL. CleayeT oTMe-
THTh, 9TO B TIPOIIECCE DBOIOLINY TUTIOMA TaBJIeHUE U
TeMmIlepaTypa B YacTHMLIaX BBIOPOCOB M3MEHSIIOTCS,
COOTBETCTBEHHO MEHSIETCS M KOHILIEHTpallusl MapoB.
[anHble, TTpUBEIeHHBIE Ha PHUC. 5 COOTBETCTBYIOT
paclIMpeHHIO0 10 HOPMATBLHOTO aTMOC(EepHOro AaB-
JIeHUSI.

OBCYXIEHWE 1 BbIBOJbI

ITpoBeneHHBIC pacyeThl MaJCHUS B OKEaH JIeCATU-
KWJIOMETPOBBIX aCTEPOUIOB CO CKOpOCThio 20 KM/C B
OKeaH pa3HOil TIMyOUHBI oA Hanbojee BEPOSTHBIM
YIJIOM HaKJIOHA TpacKTOpUM 45° TMOKa3bIBaIOT, YTO, KaK
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Puc. 5. 3aBucumoctu ot IyOMHBI OKeaHa MacChl TpyHTa
(a), ynapHuka (6) ¥ Bozbl (B), Ha BbIcoTax 0oJjiee 16 KM ye-
pe3 10 MuH nocJie maaeHust 1eCITUKWIOMETPOBBIX acTe-
pounoB co ckopocThio 20 KM/c noxm yriaom 45°. Macchl
MU3MEPSIIOTCSl B Maccax najaloliero acrepovaa. YepHoie
KpUBbIE COOTBETCTBYIOT MOJIHOM Macce, cepble — Macce
BEIIECTBA, KOTOPOE WCIMBITAIO YaCTUYHOE WUCTapeHue,
MyHKTUPHbIE — Macce MapoB.

U TIpU BepTUKAJbHBIX yIapax, B aTMocdepy BbIOpa-
chIBaeTCsl OOJbIlIasi Macca BelllecTBa yOApHUKA U
rpyHTa. Ilpu mmybmHaxX okeaHa BIUIOTH OO0 4—5 KM
Macca BEIOPOIIIEHHOro B aTMOC(depy rpyHTa (1 Mak-
cUMaJibHasl, U OCTalollIasgcd Ha BbICOTax 0osiee 16 KM
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yepe3 10 MuH nociie yoapa) He Oonee, yem B 2—3 pa3a
OTJIMYAETCS OT MacChl BLIOPOCOB MpPHU ITalcHUM acTe-
powuja Ha TBepaylo MOBEPXHOCTb. Macca BhIOpachiBa-
eMoro B atmocdepy IIpH yaape BellecTBa yIapHHUKa
BOOOIIIe c1ab0 3aBUCUT OT IIIyOMHBI okeaHa. Kpome
TOTO, IIPU yaapax B Boay B aTMocdepy BbIOpachIBaeT-
cs OOJIbIIIOE KOJIWYECTBO BOABLI M COIEpXKAIINXCS B
Heli coneit. Boga cubHO mornoniaeT nH@ppaKkpacHoe
W3JIyYeHME, a COAePXKAIIUIICSI B COJISIX XJIOP U paay-
kanmel OH, oGpasyiomuecss mpu MOHU3ALIMKA BOIBI,
pas3pymaroT 030H [Pierazzo et al., 2012]. Takum obpa-
30M, TIOATBEPXKAAETCSI BBIBOM, CACIAHHBII B paboTe
[LLlyBanoB, 2021], o ToM, 9TO IpH NageHUN ACTEPOU-
JIOB pa3MepoM TTOpsiAKa IeCSTH KUJIOMETPOB B OKeaH
BO3/cHCcTBUE HA aTMocdepy 3eMiu OyIeT, IT0-BUAN-
MOMY, He MeHee CHJILHBIM, YeM NpU MagecHUM acTe-
pOUIOB Ha CYIIIY.

ITpu Manbix myorHax (MpUMepHO OO0 2 KM) OC-
HOBHasI Macca BELIOPOCOB I'pYHTa COCTOUT M3 KOHIIEH-
CHPOBAHHOIO BeENIeCTBA, NMPU OOJBIINX TITyOMHaAX
04Jb1Iast YacTh BLIOPOCOB IPYHTA, OCTAIOIIMXCS Ye-
pe3 10 MuH 110CIe yaapa B aTMocdepe, UCITbITalIa Yya-
CTUYHOE WM TI0JIHOE ucnapeHue. Iloutu Bce Bele-
CTBO yIapHHKa, BeIOpacbiBaeMoe B aTMocdepy, Uc-
MBITEIBACT YACTUYHOE WM MOJHOE MCIIapeHue B
IpoIrecce ymapa IIpu Bcex ITTyOMHaxX oKeaHa, TaK XKe,
Kak 1 00bl11ast 4acTh BLIOpaCchIBA€MOIi BOIBI.

B onucaHHBIX pacuyeTax TBepaasi MUILIEHb U yaap-
HUK CUYUTAIUCh COCTOSIIIMMU U3 KBaplia, paccMaTpu-
BajlaCh TOJIBKO OfHA CKOpOoCTh yaapa 20 kMm/c. Ilpu
JIPYTUX CKOPOCTSIX yAapa W BellleCTBaX ylmapHUKa U
MUILIEHU MacChl BHIOPOCOB U, 0COOEHHO, UX arperar-
HOE€ COCTOSIHME MOTYT WM3MeHUThbcs. [loatomy mis
OLICHKM JOJITOBPEMEHHBIX TMOCJEACTBUI yIapoB
KPYIHBIX KOCMWUYECKHX TeJl HEOOXOAUMO MPOAOJI-
JKUTb aHAJIOTUYHBIE PACYETHI B IIMPOKOM JAraria3oHe
nmapamMeTpoB ynapa. Kpome Toro, Heo6xoamumo paspa-
OoraTh OoJiee pPEANTMCTUYHYIO MOIEIbh BHEIOPOCOB,
YUUTBHIBAIOILYIO TO, YTO OHU COCTOSIT U3 razoodpas-
HBIX NapoB (U/WJin AByX(a3HOI CMECH) U KOHIIEHCH -
POBaHHBIX YaCTHUIL Pa3HOIo pa3Mepa, KOTopbie B 00-
IIeM cllyyae He IBUTAlOTCS C ONMHAKOBOH CKOpO-
cThlo. OHAKO BBIBOI O TOM, UTO TaleHUsT KPYIHBIX
(mopsinka 10 kM) actepouzoB B OKeaH He MeHee
OIMacCHbI, YEM yAaphl MO TBEPAOK MOBEPXHOCTH, TO-
BUAUMOMY, HE UBMEHUTCSI.
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Numerical Simulation of Material Ejection into the Atmosphere Induced by Oblique
Impacts of Ten-Kilometer-Diameter Asteroids into the Ocean

V. V. Shuvalov*

Sadovsky Institute of Geosphere Dynamics, Russian Academy of Sciences, Moscow, 119334 Russia
*e-mail: valeryvshuvalov@gmail.com

The results of a three-dimensional numerical simulation of the oblique impacts of ten-kilometer asteroids at
an angle of 45° onto a solid surface and into an ocean with a depth of 1 to 6 km are presented. The maximum
masses of water, impactor, and soil ejected into the atmosphere and the masses of water, impactor material,
and soil remaining in the atmosphere 10 minutes after the impact are calculated. The mass of vaporized ejecta
is determined. It is shown that there are 2—5 times more impactor material and soil ejected into the atmo-
sphere during oblique impacts than during vertical impacts.

Keywords: asteroid hazards, numerical simulation, crater ejecta, thermal radiation, atmospheric disturbances
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