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NepcnekTuBbl ONTUKO-
PaAno4vYaCcTOTHbIX
CUCTeM AUCTaHLUOHHOIo
30HAUpOBaHuUA
aTtmocoepbl

A.C.Bopeiiwo, M. A. Koxaes, A.A. Kum, A. C. MuxaiineHko
Baamuiickuii 20cydapcmeeHHblil mexHu4eckuil
yHusepcumem «BOEHMEX» um. [JI. ®. YcmuHoasa,

AO «JlasepHble cucmemsl», Cankm-Ilemepbype, Poccus

CpencrBa AUCTAHLNOHHOIO 30HAUPOBaHUSA
aTMocdepbl B ONTUYECKOM U paAN04YaCTOTHOM
AnanasoHax HaxoAsT WMPoKoe NpMMeHeHne

B a3poHaBurauuu, TexHoJiornsx obecneyeHus
6e30MacHOCTM NONETOB, METEOPOJIOrUH,
3KON0rMU, KIMMATOJIOTUM U B UHBIX cpepax.
ﬂvlp,aprle N pagnosiokauoHHble CUCTEMbI
MMeIoT 06LMe NPUHLMUIMbI GYHKLUOHUPOBAHMUS.
HecmoTps Ha 3Ty 06LWHOCTb, UX TPAAULUOHHO
pasgensioT B 3aBUCUMOCTU OT UCMOJIb3yeMOro
4YaCcTOTHOrO AvanasoHa 3/1IeKTPOMarHUTHOro
usnyyeHus. CnepacTemMeM TaKoro pasgeneHus
CTAaHOBUTCSA pa3ae/sieHne nx ¢\/HKLI,VIOHaIlebIX
BO3MOXHOCTEeN U pellaemMbix 3aga4v. OgHako,
KaK nokasbiBaeT NpaKTuKa, KoMMiekcHoe
MCMo/ib30BaHUe ONTUYECKOro U paAno4acToTHOro
M3Jly4eHus npyu atMocHepHOM MOHUTOPUHTe
MOXeT NPMUBECTU K CMHepreTndyeckomy 3¢pdpekTy
M CYLL,eCTBEHHOMY pacLUMPEHUI0 BO3MOXHOCTEMN
nopo6HbIX cucTeMbl. B cTaTbe paccmaTpuBaroTcs
BO3MOXHOCTU 1 NepcrneKTUBbl COBMECTHOIO
npMMeHeHUsl ONTUKO-PaAMNOYACTOTHBIX CPeACTB
aTMochepHOro 30HAMPOBAHUS.

KntoueBble cnoBa: MOHUTOPUHT aTMOChEPDI,
ANCTaHUMOHHOE 30HANPOBaHNE, I1aap,
pagMonoKaTop, ONTUKO-PaaMo4aCcTOTHbIN TOKaToOp

CTaTbd nonyyeHa: 14.01.2021
MpurHATa K nybankaummn: 10.02.2021

HaapHble W paJapHble CHUCTEeMbl AUCTAHIIK-
OHHOI'O 30HAKMPOBAaHHS aTMOC(I)EPI:I B OCHOBe
CBOEU Pa6OTI>I OIIMPAIOTCS Ha OOHH H TOT JKe
IIpUHLIUII. OTpa’KeHHe H/IH PpacCesHHe 3JIeKTPOo-
MarHHMTHOTO HM3J/Iy4€HHS OT aTMOC(l)eprIX 00BEKTOB
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Prospects of Optical-
Radio-Frequency
Systems for the
Atmosphere Remote
Sensing

A.S.Boreysho, M. A. Konyaev, A.A.Kim, A.S. Michaylenko
BSTU “VOENMEH" named after D. F. Ustinov,
Laser Systems LLC, St.Petersburg, Russia

Means of the atmosphere remote sensing

in the optical and radio frequency ranges

are widely used in air navigation, flight

safety technologies, meteorology, ecology,
climatology and other areas. Lidar and radar
systems have common principles of operation.
Despite this common feature, they are
traditionally divided according to the used
electromagnetic radiation frequency ranges.
The consequence of this separation is that their
functionality and tasks are separated. However,
as practice proves, the integrated use of optical
and radio frequency radiation in atmosphere
monitoring can lead to a synergistic effect

and a significant expansion of the capabilities
of such systems. The article discusses the
possibilities and prospects for the joint
application of optical-radio-frequency devices
of atmosphere sensing.

Keywords: atmosphere monitoring, remote
sensing, lidar, radar, optical-radio-frequency locator
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sensing are based on the same principle: reflec-

tion or scattering of electromagnetic radiation
from atmosphere objects and the subsequent deter-
mination of its characteristics. Nevertheless, histori-
cally and traditionally, there has been a separation
of optical (lidar) and radio frequency sensing devices.
This is largely due to the different methods of generat-
ing electromagnetic radiation in the optical and radio
frequency ranges, the difference in the technique of
receiving and processing signals.

I idar and radar systems for the atmosphere remote
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U IoC/efyolllee OIpeleleHHe ero XapaKTepHUCTHK.
Tem He MeHee HCTOPUYECKH U TPAJUIIMOHHO CIOXKH-
JI0Ch pasfe/ieHHe ONTHYeCKUX (IHUAAPHBIX) U pajd-
OYaCTOTHBIX CPeACTB 30HAUPOBAHUS. Bo MHOrom
3TO 00YC/IOB/IEHO Pa3lTMYHBIMH METOJAMH TeHepa-
LU 37IeKTPOMATHUTHOIO H3/Iy4eHHs B OITHYECKOM
M PaHOYacTOTHBIX [HAlla30HAX, PasJIM4YHUeM Tex-
HUKHU ITpHeMa 1 06paboTKH CUTHAJIOB.

CerofHs ONTHYeCKOe M PafiMOYaCTOTHOE 30HIU-
poBaHHe aTMOChepsl ITpeACTaBisieT coboi cPopMuU-
POBAaBIIMeECS He3aBUCHMBle HayYHO-TeXHHYEeCKHe
HaIlpaBlIeHHUs C XapaKTepHBIMH 00acTIMU IIpHMe-
HeHUs. TeM He MeHee B psifie C/IydaeB X COBMECTHOe
HCII0/Ib30BaHKe OKa3bIBaeTCs OIIPaBJAHHBIM U 3ddeK-
THBHBIM. OZIHAKO ISl TOTO YTOOBI YBHU/IE€Th IIOTEHIIH-
aZbHBIe IIPeHMYIeCTBA KOMIIJIEKCHPOBAHHS Pa3HO
IOUAIIa30HHBIX CHCTEM [AMCTAHLIMOHHOTO 30HIMPOBA-
HUSI, HeoOXOOUMO MOHUMATh CIelUUKY KM OTpaHHU-
YeHHUsI K&KIOM U3 HUX.

CoBpeMeHHBIE THaPHbIE CPe/ICTBA 3aHSUIU TBep/ble
MO3ULMHU B 061acTy 3D-CKaHUPOBAHMS, HaBUTALIMHU
M CeHCOPUKH OeCIMIOTHBIX TPAaHCIIOPTHBIX CPelCTB
U JIeTaTe/IbHBIX aIlIIapaToB, SKOJIOTHYECKOT0 MOHHUTO-
pUHTa aTMOCdepbl METaIloNIKCOB U ITPOMBINIIEHHBIX
06BeKTOB, BETPOBOM SHEPreTHKH, BO3AYIIHOH 6e3-
OIMACHOCTH M HAy4YHBIX HCCIefoBaHHUI. Hanbosnblee
pacmpocTpaHeHHe M 3HAYMMOCTb IMOYYHIH JIHAAp-
Hble CMCTeMBbl aHa/lM3a aTMochepsl Ha IpeAMeT pac-
IIpefielleHHsI a3pO30/bHOTO0 M XHMMMYECKOTo COCTaBa
BO3/lyxa, a TaKXke CKOPOCTH U HaIlpaBjeHHUs BeTpa [1].
[Ipy ITUIAPHOM 30HIUPOBAHUHU aTMOCHEphbI, HaIpH-
Mep NPU NOCTPOeHUH Ipoduiiell BeTpa UMK Ko3P -
LiFeHTa 06paTHOro paccesHuUs (IpoduIb 0671aYHOCTH),
II07Ie3HBIM CHUTHAJI SIBJSIETCS Pe3ybTaTOM pacCesHHs
JIa3epHOT0 M3/1ydeHHs Ha MeIKOJUCIIePCHOM aTMOC-
depHOM a3po3oiie, KOTOPBIK Bcerja MPHCYTCTBYIOET
B IIPU3eMHOM C/Ioe. B 3TOM cy4ae AeTeKTHpyemast
MOIIIHOCTb PACCeSHHOTO CHUIHajla B 3aBHUCHMOCTH
OT AUCTAaHLMHU I OIpefessieTcs JUAAPHBIM YypaBHe-
HHeM, KOTOPOe CBSI3bIBAe€T XapaKTePUCTHUKH aTMOC-
depsl 1 ITapaMeTphl THAAPHOMN CUCTEMBI:

P(r)= pon(rézj(%jﬁ(r)e (2otr)ar) ,
rge 1 - obmast 3¢PeKTUBHOCTh IPHEMHOM CHCTEMBI,
P, - BBIXO[HAs1 MOIIHOCTb UCTOUHUKA, P(r) - Ko3bdPU-
LIeHT 06paTHOro paccesHUs aTMOCHEPBI, ¢ ~ CKOPOCTb
CBeTa, T — AJIUTEIbHOCTh UMITY/IbCa, A — IIOMIAb IIPHU-
eMHOM aIlepTypel nunapa, ofr) - Ko3aPuumueHT ocna-
6nenus aTmocdepsl.

XapaKkTeprUCTUKH aTMOCPephl 3aK/II0UeHBl B K03¢-
dunmenTax B(r) u a(r), XapakTepHU3yOIIUX HATHYHE
U pacrpelesieHle aspo30Jisi 110 JIy4y 30HAUPOBAHUS.

Syl 4

Today, optical and radio frequency sensing of the
atmosphere are independent scientific and technical
areas with specific fields of application. Nevertheless,
in some cases, their joint use turns out to be justified
and effective. However, in order to see the potential
benefits of integrating different-range remote sensing
systems, it is necessary to understand the specifics
and limitations of each of them.

Modern lidars have taken a solid position in the field
of 3D scanning, navigation and sensorics of unmanned
vehicles and aircraft, environmental monitoring of
the atmosphere of megacities and industrial facilities,
wind energy, air security and scientific research. The
most widespread and significant are lidar systems for
analyzing the atmosphere aerosol distribution and
chemical air composition, as well as wind speed and
direction [1]. In lidar sensing of the atmosphere, e.g.,
when constructing wind profiles or the backscatter
coefficient (cloud profile), the useful signal is the
result of laser radiation scattering by fine atmosphere
aerosol, which is always present in the surface layer.
In this case, the detected power of the scattered sig-
nal, depending on the distance r, is determined by the
lidar equation, which relates the characteristics of the
atmosphere and the parameters of the lidar system:

P(r)= pon(ézj[E)B(r)e-(zmm) ,
re )\ 2
where 1 is the overall efficiency of the receiving sys-
tem, P, is the output power of the lidar source, B(r)
is the atmosphere backscattering coefficient, c is the
speed of light, tis the pulse duration, A is the area of
the receiving aperture of the lidar, a(r) is the atmo-
sphere attenuation coefficient.

The characteristics of the atmosphere are contained
in the coefficients B(r) and a(r), which characterize the
presence and distribution of aerosol along the sensing
beam. In general, they can be associated with the val-
ues of meteorological visibility range (MVR). The value
of attenuation « of the atmosphere can be calculated
using the empirical formula:

OC_(3,91)(0,55)"
v r )

1.6 for V >50 km

1.3 for 6<V<50km
where q=4 0.16V+0.34 for 1<V<6km ¢,

V-0.5 for 0.5<V<1lkm

0 for 0<V<0.5km

where A is the wavelength [pm], V is the MVR [km],
and o [km™].
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B obmieM cay4dae MX MOXKHO CBSI3aTh CO 3HAUeHHSIMH
MeTeOpOJIOTMYeCKOM [NanbHOCTH BuAuMOCTH (M/B).
3HadeHHe ocnabneHUsT o aTMOChepbl MOSKHO IIOCUH-
TaThb I10 SMIIHPUYECKOH GopMyIie:

()05
v r )]

1,6 ans V > 50 km

1,3 o1 6<V <50 kM
roe q=4 0,16V +0,34 misg 1<V <6 KM ,

V-0,5 onst 0,5<V <1rm

0 ong  0<V<0,5km

roe A - [yIMHa BOJIHEL [MKM], V-MJB [kM], a o [km1].

3emMHas aTmocdepa OKasbpIBaeT CYLIeCTBEHHOE BJIK-
sHUe Ha 30deKTHUBHOCTb 11000ro nHaapa: HU3MeHe-
HHe MeTeOpOJOrMYecKUX YCIOBHM OT SICHOro Heba
K IVIOTHOM 067Ta4HOCTH UJIH TYMaHYy, JOK/II0, METelIH
WIK yparaHy BefeT K CYIIeCTBeHHOMY CHHKeHHUIO
JNANbHOCTH JeMCTBHS JHJapa BIUIOTh 10 IIOJIHOM ero
He3)PeKTUBHOCTH H3-3a CBEPXHMHTEHCHUBHOIO pacce-
SIHHMS 1 TIOLJIOIIeHUS 30HAUPYIOIIEro U3IyuyeHH s yKe
B 6/MKHel 30He. MHBIMU CJIOBAaMH, C ITOHHKeHHEM
MeTeOpOJIOTHYeCKON [NaJAbHOCTH BHAMMOCTH IafaeT
U [QIBHOCTh 3QPeKTHBHON PpaboTel aTMOChepHOTro
nupapa. B Tabnuiie mpuBemeHBl TUIIMYHBIE [JAJIb-
HOCTHU PaboTsl [JOIIepoBCKOro nuaapa HMBJI-5000 [2]
B 3aBHCHMOCTH OT COCTOSIHHS aTMOCHEPHI U 3HaUeHH s
MJB. CHukeHHe paboueil AAJbHOCTH JIHJapa CBS-
3aHO CO 3HAUMTEe/IbHBIM yBe/IHYeHHeM aTMOCepHBIX
II0Teph Ha PaCCessHUHU M OCIAbJIeHHH OITHYeCKOro
M3JIydyeHHs] Ha KPYIIHOM a’po30jie, KOTOPHIM obpa-
3yeT TyMaH M XapaKTepeH [Jig OCaJKOB Pa3IM4HOI0
THIIA.

JIMHBL BOJIH PaJMOYaCTOTHBIX CUCTEM 30HIKMPOBa-
HHUS aTMocepsl Oosibllle OIITHYeCKUX Ha 3-4 mopsifika.
910 obycnaBnuBaeT 6OMBIIYI0 TPOHUKAIOIIYIO CIIOCO6-
HOCTb PaJIMOM3/Iy4YeHUs B YCIOBHUSX IIJIOTHBIX aTMOC-
depHBIX 00pa30BaHUM, AOXKIS U LITOPMOB, OJHAKO
menaeT HUX IPaKTU4YecKU 6ecIloNe3HBIMH B YHCTOM
aTmocdepe, IIOCKOJIbKY LI@HTPhI pACCesSHUS ~ YaCTHLIbI
MeJIKOJMCIIePCHOTO a3po30jis K IIBLIb — OKA3bIBAIOTCS
Ype3BBIYaMHO MAJIBIMH /s 3QYeKTHBHOIO pacces-
HUS PaJHOYaCTOTHOIO U3/1y4eHus. HBIMU CJI0BAMH,
PaZHOYaCTOTHBIE METeOJ0KaTOpHl Haubonee 3ddek-
TUBHBl B YC/IOBUSIX HeOIArompHSITHBIX ITOTOMHBIX
YCJIOBUH IPU Majlok AJIbHOCTH BHIKMMOCTH. B ciy-
yae pacIipefie/IeHHOI B HEKOTOpoM obbeMe LieH MpH-
HHMaeMas pafapoM MOIIHOCTb OIpefe/seTcs Cleny-
IOIIMM ypaBHEHHEeM:
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The Earth’s atmosphere has a significant impact on
the efficiency of any lidar: a change in meteorological
conditions from clear skies to dense clouds or fog, rain,
blizzard or hurricane leads to a significant decrease
in the range of the lidar, up to its complete ineffi-
ciency due to superintense scattering and absorption
of sounding radiation already in near zone. In other
words, with a decrease in the meteorological visibility
range, the effective range of the atmosphere lidar also
decreases. The table shows typical ranges of operation
of the IVL-5000 Doppler lidar [2], depending on the
state of the atmosphere and the MVR value. A decrease
in the lidar operating range is associated with a signif-
icant increase in atmosphere losses due to scattering
and attenuation of optical radiation by a large aerosol,
which forms a fog and is typical for various types of
precipitation.

The wavelengths of radio-frequency systems for
sensing the atmosphere are 3 to 4 orders longer than
optical ones. This leads to a high penetrating ability of
radio emission in conditions of dense atmosphere for-
mations, rain and storms, but makes them practically
useless in a clean atmosphere, since the scattering cen-
ters (particles of fine aerosol and dust) are extremely
small for effective scattering of radio frequency radia-
tion. In other words, radio frequency weather radars
are most effective in adverse weather conditions with
low visibility. In the case of a volume-distributed tar-
get, the power received by the radar is determined by
the following equation:

Pr(r)= ©°PtG?0%ct/K[* Z
2% In(2)Ar Ly Ly

atm

where: P, is the output power of the source, C is the
antenna gain, 6 is the angular field of the antenna,
T is the pulse duration, s is the speed of light, K is the
coefficient taking into account the characteristics of
precipitation, Z is the reflectivity, L, is the atmo-
sphere attenuation to the target, L, is losses in the
electronic processing channel.

The reflectivity of atmosphere precipitation during
radar sensing is associated with the size distribution of
scattering centers, the rate of precipitation and other
factors, butin a first and fairly accurate approximation
it can be expressed by the following relationship:

Z=[N(D)D°dD,
0
where: D is the size of the scattering particle, N(D)
is the concentration of particles with size D in a unit
volume.

Thus, it is possible to relate the characteristic values

of the reflectivity of meteorological radars with the coet-
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Pr(r)= ©°PtG%ct|K|’ Z
S 2°In ()AL Ly

rae: P, - BBIXOJHAs MOIHOCTb UCTOYHHKA, G — ycue-
HHe aHTeHHBI, 0 - yIJIoBoe Ilojle aHTeHHBI, T — IJIU-
TeJIbHOCTh MMIIYJIbCA, ¢ — CKOPOCTh cBeTa, K - K03¢-
GHUIIMeHT, YYUTBHIBAIOUINKI XapaKTePUCTHUKHU OCAJKOB,
Z - oTpakaeMocCTb, L, - aTMochepHOe ocnabneHue
1o uenu, Ly - ocnabneHue KaHana o6paboTKU.

OTpaskaeMOoCTh aTMOCOEPHBIX OCaZAKOB IIpU pajap-
HOM 30HJHUPOBAHHUM CBSI3aHA C PpacIpefeleHHeM
[0 pasMepaM PaCCeHBAWINHX LIEHTPOB, CKOPOCTHU
BBIIIafleHHs] 0CafIKOB K APYrHX $aKTOpPOB, HO B IIep-
BOM M [OCTAaTOYHO TOUHOM IPUOIH>KeHUH OHA MOKeT
OBITH BRIPaKEHA CIelyIOIIeHr 3aBHUCHMOCTHIO:

Z=[N(D)D°dD,
0
rae: D - pa3mep paccerBaroliel YacTUIIb, N (D) - xoH-~
LleHTpalldsl 4acTHL], ¢ pa3MepoM D B eIUHHUYHOM
obreme.

TakuM 06pa3omM, MOKHO CBSI3aTh XapaKTepHbIE 3HA-
YeHUs OTPaKaeMOCTH MeTEeOPOJIOTHYecKUX PaJapoB
¢ K03pdULIeHTOM 0b6paTHOro paccessHUs K ocnabie-
HUSL aTMocdepsl ISl TUAapa, IOCKOJIBKY NeTeKTHPY-
eMBIFl CUTHaI B 000MX clydasx GopMHpYyeTcs pacce-
SIHHeM U OTpakeHHeM Ha 4acTHIaxX B aTmocdepe.

C y4eToM 3THUX O0COOEHHOCTEH B3aHMMOMAEHCTBUS
HU3JIy4eHHUs C a3p030JIeM JIOTUYHBIM BBIIJISIAUT COBMe-
IleHHe [BYX H3MEPHTe/bHBIX CHCTeM Ha OCHOBE
JHapa ONTHYEeCcKOro AMualla3oHa M pafyoiualla3oHa
C OJMHAKOBBIM ITPOCTPAHCTBEHHBIM UM BpeMeHHBIM
paspemieHueM, obecIleuHBaIOIIHe BCEIIOTOLHOCTb
M3MepeHHI. PaboThl B HaIpaBIeHUH COBMeIIEHUS
OIITHKO-PaAUOYACTOTHBIX CPEeACTB 30HAUPOBAHUS
aTMocdeprl peasIU3yIOTCsl BO MHOTMX CTpaHax [3, 4].

&

ficient of backscattering and attenuation of the atmo-
sphere for the lidar, since the detected signal in both
cases is formed by scattering and reflection on particles
in the atmosphere.

Taking into account these features of the radiation
interaction with aerosol, it seems logical to combine
two measuring systems based on a lidar of the optical
range and a radio range with the same spatial and tem-
poral resolution, ensuring all-weather measurements.
Work in the direction of combining optical-radio fre-
quency devices of sensing the atmosphere is being
implemented in many countries [3, 4]. In Russia, the
combination of lidar and radar on a single mobile plat-
form to ensure all-weather measurements was carried
out by Laser Systems LLC [3].

As a result of the analysis of the dependence of the
working distances on the meteorological reflectivity
of the atmosphere [5], it was shown that the effec-
tive functioning of the classical X-band Doppler radar
systems is possible under specific weather conditions,
when the reflectivity of atmosphere objects is not lower
than a certain value, which is critical for the opti-
cal range and sharply reduces the operating range.
Therefore, when using two bands, optical and radio
frequency, a weather “blind zone” appears. In it, the
typical operating ranges of both systems are of the order
of 2 kilometers or less. This turns out to be unacceptable
for the meteorological complex of air navigation and
tlight safety under changing meteorological conditions
in wide ranges. Furthermore, the natural blind zone for
X-radars can be more than 3 kilometers.

Mathematical modeling shows that the addition
of a millimeter-wave radar (Ka-band weather radar)
closes this weather “blind zone” and makes it possible
to ensure all-weather measurement of wind parameters
with a minimum working distance of more than 5000

Ta6nuua 1. lanbHoCTb paboTbl IMAAPA B 3aBUCMMOCTU OT aTMOChEpPHbIX YC10BUI
Table. Lidar operating range depending on atmosphere conditions

CocTosiHMe atmocdepbl
State of the atmosphere

MeTeoposiormyeckas gasib-
HOCTb BUAUMOCTU (KM)

TUNMYHaA AANLHOCTb U3MEPEeHMs CKOPOCTU
BeTpa angapom MNJ1B-5000, m
Typical range for measuring wind speed with

Meteorological visibility

range, km ILV-5000 lidar, m
TyMaH | FOg: 04eHb CUAbHbIN | very strong Up to 0,05 | MeHee 0,05 =
CUAbHBIY | strong 0,05-0,2 <1000
3aMeTHbIN | perceptible 0,2-0,5 ~1000
cnabbin | weak 0,5-1 ~2000
[biMka | Haze: o4eHb cunbHas | very strong 1-2 ~2500
CcunbHas | strong 2-4 ~3500
3ameTHas | noticeable 4-10 <5000
cnabas | weak 10-20 >6000
Xopowas BuanmocTb | Good visibility 20-50 >6000
OTAnYHasa BUAMMOCTL | Excellent visibility 50 n 6onee | over 50 >5000
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B Poccuu obbemrHEHHe JNHAAPA U PALHOIOKATOPA
Ha eIHUHOIM MOOHIBHOM IUTaTdopMe IJisI obecIiedeH s

BCEIIOTOJHOCTH U3MEePeHHUH ObLIO OCYIIeCTBIEHO KOM- 0
nanueii AO «JlazepHble CUCTeMBbD» [3]. E *r X-panap
B pesynpTaTe aHanHM3a 3aBUCHMOCTH Ppabodux “E’";z* X-radar
OUCTAaHLIUK OT MeTeOPOJIOTHYeCKOM OTpa’kaeMOCTH g
atmocdepsl [5] OpUIO ITOKa3aHO, YTO 3dPEeKTUBHOEe a 241
GYHKUIMOHHUPOBAHUE KJIACCHYECKUX PaJHOJIOKALIMOH- g 201 Ei:rp:g:f
HBIX JOIUIEPOBCKUX CHCTeM X-AHalla30Ha BO3MOKHO ) 16 BT
IpU CHelHPHUUeCKHUX MOTOAHBIX YCIOBHSX. B 3THX E 1217 |Ridar
YCTIOBHSIX OTPakaeMOCTb aTMOCHEepPHBIX 00BEKTOB OKa- g
3BIBAETCSI HE HIKE OIPeIe/IeHHOro 3HAa4YeHHs, KoTo- | =
| 1 |

poe [/ ONTHUYecKOro JHUAIla30Ha SBISeTCS KpUTH4Ye- 0 T T .
CKHMM U Pe3K0 CHH’KaeT NAIBHOCTh paborel. IToaToMy OTpaXATeNpHAS CIOCOBHOCTS MeTeomeny, 4B

ITpY HCIIOJIb30BAHH U OBYX NHUAIIA30HOB, OIITHY€CKOI'0 Reflectivity of a meteorological target, dB

U Pafiio4yacTOTHOIO, IIOSB/ISIeTCs IIOrOAHAas «Cileras
30Ha». B Hel TUMIHYHBIE AAIBHOCTH PaboThl 0bemx Puc.1. Tunu4Hble pabo4ue ducmaHuuu Audapa u paoapos
CHCTeM COCTaBJIAIOT IIOPSAKA 2-X U MeHee KHUJIOMETPOB. Fig. 1. Typical lidar and radar operating distances

9TO OKa3blBaeTCsl HelpUeM/IEMBIM [/ MeTeOpOJIOTH-
YeCcKOro KOMILIEKCA adPOHABUTALIUK U obecIiedeHHsI
6e30I1aCHOCTH I10/IeTOB IIPH KM3MEHSIOIKXCS B IIHPO-
KHX [Halla30Hax MeTeopOo/JOruYeCcKHUX YCIOBHUSIX.
Kpome TOro, ecrecTBeHHas cjaemnas 30Ha y X-pagapoB
MO>KET COCTABIISITH boJiee 3-X KUIIOMETPOB.

MaTteMaTHuecKoe MOJeIUPOBAHHe II0Ka3blBaeT,
4To nobaBieHHe pafapa MUUIMMETPOBOIO JHAIla30Ha
(MeTeonokaTop Ka-muamas3oHa) 3aKpbIBaeT 3Ty IIOTOJ-
HYIO «CJIeIyI0 30HY» U II03BOJIsIeT 0becCIleduTh BCe-
IIOTOJHOCTh HM3MEPEeHHUS I1apaMeTpoB BeTpa C MHHH-
MajipHOM paboueil muctaHuuern 6onee 5000 MeTpoB
(puc. 1) B 106BIX IIOTOAHBIX YCIOBUSIX, BIIOTH JI0 Cpefl-
HUX 0CaAKOB [3].

B xome MoAepHH3aLHH [OBYXAHIIA3aHHOIO KOM-
Iekca 6bl1 pa3paboTaH M B HaCTosiIee BpeMs IIpo-
XOAHWT OIBITHYIO 3KCIUIYaTallMI0 TpexAHaIlla30HHBIM
(X, Ka u HMK) KOMIIJIeKC BCEIIOTOJHOIO METEeOPOJIOTH-
yeckoro obecriedenus: «/lupa-3» [6]. BHeIIHUN BH[
KOMILJIeKCa IIpe[ICTaB/IeH Ha PHC. 2.

[lepBple  3KCIIEpPUMEHTA/IbHbIEe HKCCIIeL0BAHUS
COBMECTHOI paboThl Tpex KAaHAJIOB II0KA3BIBAIOT, YTO
Ha0/TI0/TaeTCsI He TOJBKO KaueCTBEHHOEe, HO U KOIHUYe-
CTBEHHOE COBIafieHHe I0/ydaeMbIX 3HadyeHHM Iapa-
MeTpoB BeTpa. HekoTopble pe3ynbTaTbl H3MepeHHS
BEePTUKAJIBHO IIPOQUIISI CKOPOCTH BETPA, IPOBeeHHEIe
B amrpesie 2019 roza B CaHKT-IleTepbypre [4], Toka3aHbl
Ha rpadukax (puc. 3).

OmurcaHHas CHUCTeMa CriocobHa obecrieyurBaTh KOM-
IVIEKCHYI0 BCEIOTOAHYI0 OHArHOCTHUKY MeTeoposio-
THYeCcKoN OBCTAaHOBKH Ha IPeAMET CBOEBPeMEHHOTIO
OOHapy>KeHHsl OIIACHBIX IIOTOAHBIX SIBIEHHN B 30HE
B3/1eTa/mocafky. K momo6HbIM SIBIEHUSIM OTHOCSTCS
COBUI BeTpa B IIPU3eMHOM CJI0€, BUXPeBble CJIe[lbl
3a camosieToM, CHCTeMa MOJKET OIIpeZeNsiTh TOPHU30H-

Puc. 2. /ludap-padapHbill Komnaekc
Fig. 2. Lidar-radar complex
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s PAAODOTOHUKA

Ta/IbHYI0O ¥ BEPTUKAIbHYIO BHUIUMOCTh. CTOUT OTMe-
TUTb, 4TO 3peKTUBHOCTb HCIIOb30BAaHUS TaKHUX KOM-
IJIEKCOB 3HAUYHMTE/IbHO BO3pacTaeT IIPU JOOCHALIeHUH
MX CIIeIMaJIbHBIMU JIOKaJbHBIMH CpeACTBAMH KOH-
TPOJISL METEOPOJIOTMYECKOH 06CTAaHOBKHU [2].

[Ipu coBMecTHOM pabore 3-X [IHAIMA30HOB 30HIHU-
pOBaHMA IIPEUMYIECTBO TOrO MM MHOTO JMalla3oHa
OyzmeT orpenensThCSl COCTOSIHHEM ITOTOLHBIX YCJIOBHH,
M3MEHSIOIIMXCS BO BpeMeHHU. [Ipyu M3MeHeHUH MeTe-
OYCJIOBHH OT SICHOro Heba K cnabomy [OKII0, a 3aTeM
K JIMBHIO, Haubombmern 3pPeKTHUBHOCTBIO COOTBET-
CTBEHHO COCTOSIHHIO IIOTOAHBIX YCJIOBHUE OymyT obma-
nath: UK-nmupap, merteonokartop Ka-guarasoHa, merte-
0JIOKaTOp X-AHala3oHa.

Elle ogHO IIPeMMYIeCTBO IIPH TaKOM KOMIIJIEKCH-
POBAHUHU 3aKJII0YAETCS B BO3MOKHOCTH O0Jiee TOUHOro
NpodUINPOBAHUS aTMOCPEPHOM TpacChl, KiIacCUU-
Kaluu HabmoaeMbix 06bEKTOB U CHUDKEHHH 3bderTa
3KpaHHpoBaHUsg. TaK, HampuMep, jerkoe ob61aKo
WA [bIMKA, HMeIollHe KparHe C1abblll OTKIHK
B PaZHOYacTOTHBIX AMalla3oHaX, OKAa3bIBAIOTCSI KOH-
TpacTHBIMU 11 MK-nmrumapa. B To ke BpeMs IUIOTHOe
obnadyHoe ob6pa3oBaHHe, IIOTHOCTBIO OJIOKHpYIOIIee
HK-u3nydeHHe W SKpaHHUPYyIoIlee 060 IOC/Iemyo-
I1Y0 aTMOCHEPHYIO TPACCy, CTAHOBUTCSA OTHOCHUTEIEHO
[IPO3paYyHbIM 151 PAAHOYaCTOTHOIO U3/TyYeHM .

&

meters (Fig. 1) in all weather conditions, up to average
precipitation [3].

In the course of modernization of the two-stage com-
plex, a three-band (X, Ka and IR) complex of all-weather
meteorological support “Lira-3” was developed and is
currently being tested [6]. The appearance of the com-
plex is shown in Fig. 2.

The first experimental studies of the joint operation
of three channels show that there is not only a qualita-
tive, but also a quantitative coincidence of the obtained
values of the wind parameters. Some results of measur-
ing the vertical wind speed profile, carried out in April
2019 in St. Petersburg [4], are shown in the graphs (Fig.
3).

The described system is capable to provide compre-
hensive all-weather diagnostics of the meteorological
situation for the timely detection of dangerous weather
phenomena in the take-off/landing zone. Such phe-
nomena include wind shear in the surface layer, wake
vortexes behind the aircraft. The system can determine
the horizontal and vertical visibility. It should be noted
that the efficiency of using such complexes increases
significantly when they are retrofitted with special local
tools of monitoring the meteorological situation [2].

When 3 sensing ranges work together, the advantage
of one range or another will be determined by the state
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Fig. 3. Measurement of the vertical profile of wind speed using a three-band meteorological complex: green color - data from Ka-
radar, red color — data from IR lidar, blue color - data from X-radar (source [4]

Vertical speed, m/s

[Tony4as faHHBIE O IPOPHIe OTPASKAEMOCTH aTMOC-
deprl B KaXKIOM K3 YaCTOTHBIX AHAIa30HOB, peall3y-
eTCsI ITo106me TUIIepCIIeKTPATBHOIO ITPOQHIIMPOBAHHS
atMochepHOM Tpaccel. IlepclIeKTHBHBIM HallpaBiie-
HHEeM TakoKe SB/ISIeTCSI KOMILIEKCHPOBAHHE OIITHKO-
PafMOYACTOTHON CHCTEMBI C JHAAPHBIM KaHaI0M
HM3MepeHHUsI XUMUYeCKOIo cocTaBa aTMocdepsl. Takue
H3MepeHMUsI MOTYT O0Ka3aThCs BOCTPeOOBAaHHBIMU CIIe-
LIMQITHCTBL He TOJIBKO K3 00/1acTH HPUKIALHON MeTe-
OposIOTHH. Pe3ynbTaTel OyoyT IIpefCTaBISTh HHTEPeC
IS KAMMAaTOJIOTUM, 3KOJIOTHU, TEeXHOJOTUM JIMKBU-
JALUU [OC/IeJCTBUN Ype3BbIYaNHBIX ITPOKCIIECTBUN
IIPHUPOJHOTO U TEeXHOTeHHOrO XapaKTepa M MHOIHX
Opyrux chep npodeccoHalIbHOL [eSTeTbHOCTH.

3AK/TIOYEHUE
BocTpe60BaHHOCTH OIITHKO-PaZHOYaCTOTHBIX
CHUCTeM [HCTAHIIMOHHOIO 30HAHPOBAHUS aTMOC-
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of weather conditions that change over time. When the
meteorological conditions change from a clear sky to
alightrain, and then to a rainfall, the IR lidar, Ka-band
radar, X-band radar will have the greatest efficiency,
according to the state of weather conditions.

Another advantage with such integration is the pos-
sibility of more accurate atmosphere path profiling,
classification of the observed objects, and a reduction
in the screening effect. Thus, for example, a light cloud
or haze, which has an extremely weak response in the
radio frequency ranges, turns out to be contrasting for
an IR lidar. At the same time, the dense cloud forma-
tion, completely blocking IR radiation and shielding the
subsequent atmosphere path, becomes relatively trans-
parent to RF radiation.

Obtaining data of the atmosphere reflectivity pro-
files in each of the frequency ranges, a semblance of
hyperspectral profiling of the atmosphere path is imple-
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deprl BO BceM MHpe Bo3pacTaeT. MHOrue IIpHMe-
HeHHUs TpebOylOT MHUHUMH3ALUK Maccorabapur-
HBIX IIapaMeTpPOB M IIOBBINIEHHS MOOMIBHOCTH
KOMIIJIEKCOB BIIJIOTh [0 YCTAHOBKM Ha IIOABHKHOM
maccyu. IIpH BHIIIOTHEHWH TAaKHUX TPeOOBAaHHUN pea-
JIU3ALUA  OINTHUKO-PAJHOYACTOTHBIX CHCTEM [HC-
TaHIJMOHHOIO 30HAMPOBAHUS aTMOCOephl IyTeM
0obbeqHEHHSI He3aBUCHMBIX JIHJAPHBIX KU PaIHO-
YaCTOTHBIX CPelCTB 30HAMPOBAHHMs JIMIIbL Ha Bepx-
HeM ypoBHe 006pabOTKH II0OTy4aeMBIX AAHHBIX OKa-
3bIBA€TCSI HEONTUMAJIBHOM. KOMIIIEKC CTaHOBHTCS
JNOPOTHM, HerabapuUTHBIM, CJIOKHBIM B Pa3BepThIBA-
HUKA U IIPU TPAHCIOPTHPOBKE. B 3THX yCIOBHAX
[IepPCIIeKTHUBBl Pa3sBUTHUS BUAATCSA B KOMILIEKCHPOBA-
HUU CPe[CTB 30HIHMPOBAaHMS He TOJIBKO Ha YpOBHE
06paboTKU CHUTHAIOB, HO U Ha GU3UYECKOM ypOBHe.
BHespeHHe TeXHOTOTHM PafHOPOTOHHKH, AKTHBHO
PasBHBAIOIENCSl B HACTosllee BPeMsl, I103BOJIHUT
He TOJIBKO YMEHBIIUTb MaccorabapuUTHbIe XapakKTe-
PUCTHKH KOMILIEKCOB, HO M IIOBBICUTH HMX 3KCILIY-
aTallMOHHBIE XapaKTePHUCTHKH. Pedb HIET 0 MaJio-
MyMSIIUX ONTHUKO-PaJMOYACTOTHBIX 3aJaloIUX
reHepaTopax C BBICOKOM ($a30BOM CTAOHIBHOCTHIO [7],
JuarpaMM-GOopMHUPYIOIIUX OITO3IeKTPOHHBIX
MeToJaX, BBICOKOYACTOTHOM 3JIEKTPOOIITHYECKOM
1peobpa3oBaHUK B IIPHEMHOM TpaKkTe PafHoIoKa-

i

mented. A promising direction is also the integration of
an optical-radio frequency system with a lidar channel
for measuring the chemical composition of the atmo-
sphere. Such measurements may be in demand. Spe-
cialists not only from the field of applied meteorology
can use the results of such measurements. The results
will be of interest for climatology, ecology, technologies
for liquidation of the consequences of natural and man-
made disasters and many other areas of professional
activity.

CONCLUSION

The demand for optical-radio-frequency systems for
the atmosphere remote sensing is growing all over
the world. Many applications require minimizing the
weight and size parameters and increasing the mobility
of the complexes up to installation on a mobile chassis.
When such requirements are met, the implementation
of optical-radio-frequency systems for the atmosphere
remote sensing by combining independent lidar and
radio frequency sensing tools only at the upper level of
processing the received data turns out to be suboptimal.
The complex becomes expensive, oversized, difficult
to deploy and transport. Under these conditions,
development prospects are seen in the integration of
sensing tools not only at the signal processing level, but
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TOPOB M, HaKOHeI], T.H. PaguOPOTOHHOM aHaJIOTo-
rdpoBoM MpeobpazoBaHUU [8].
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also at the physical level. The introduction of microwave
photonic technologies, which are actively developing at
present, will allow not only to reduce the mass and size
characteristics of the complexes, but also to increase
their operational characteristics. We are talking about
low-noise microwave photonic master oscillators with
high phase stability [7], diagram-forming optoelectronic
methods, high-frequency electro-optical conversion in
the receiving path of radars and, finally, the so-called
radio-photon analog-to-digital conversion [8].
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CAHKT-NETEPEYPICKMUA MTOCYOAPCTBEHHLIV MOPCKOW TEKHMHECKHIH“VHHBEF’CHTET
WHCTUTYT NASEPHbIX 1 CBAPO4YHbIX TEXHONOIMA

NMPOEKTUPOBAHUE, MNMPOU3BOACTBO, NOCTABKA
NMPOMBIWJIEHHBIX AQAUTUBHbBLIX YCTAHOBOK
NMPAMOIro JIASEPHOIO BbIPALLMBAHUA

POBOTU3NPOBAHHAA CPEAHETABAPUTHASA
YCTAHOBKA IMPAMOIO JIABEPHOIO BbIPALLMBAHUA

XAPAKTEPUCTUKW YCTAHOBKMK: MCNONB3YEMEIE MATEPWANEI:

B pPasMep BeiPalLMBAEMOro M30enva B HEDHABSOLME K BEICOKONPOYHEIE CTAMM
0625 1300 mm, h = 600 M B AHADONPOYHLIE HUKENeBsLIE CNNaas

B MAEKCUMANBHBIA BEC Magenwa = 400 w B TWTAHOBLIE CNNAER

B BONOKOHHBIA NSIER MOLHOCTHIO 00 S kBT H CNNaskl HE CCHOBE KODANETE 1 MEQM

B NMPOM3BOOATENBHOCTE — A0 250 cm3ly

B HOHTRONWPYEMER aTMOCDEPRE YMCTOrD aproHa

B B CHHXPOHHD YTIDaBNAEMEIX OCER

B NOPOUKOBEIA NWTETENE HA OBE KONGL TEXHONOMMA NPAMOTD NAIEPHOMD BbIPALIMBAHA

m Habop conen NofaYM NopouwKa 3T0 AJLIMTUBHAA TEXHOMOTMA M3TOTOBNEHMA
C DLICTRPOW 3aMeH0M HNETANEN NYTEM NAIEPHOK HANNABKKX

B BakyyMUDYEMEBIA LLINKO3 METANMWYECKWY NOPOLUKOB
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