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Abstract. The results calculations the electromagnetic wave propagation velocity in the snow-ice
cover depending on the density, the proportion liquid water content, and the propagation speeds the
electromagnetic wave in dry snow, dry firn, and dry ice vary very markedly depending on the proportion
liquid water content, the preferred orientation, and the shape ice and air structure are presented. The
inclusions in the snow.

The performed estimates the complex relative permittivity the medium that determines the speed
propagation electromagnetic waves show a noticeable influence the density, the proportion liquid water
content and the structure the underlying surface (snow, firn, ice), which allows identifying the layers
the underlying surface in order to remotely determine the possibility landing a helicopter-type aircraft
on an unprepared site with snow-ice cover.

Shown, when the portion the water content in the medium is equal to zero, which is typical for
negative temperatures, the speed propagation electromagnetic waves in the medium will depend on
the density the medium and structure the dry ice in a small range of 1 m/us temperature. In dry snow,
vertically and horizontally elongated or spherical inclusions make a significant contribution to the
change in the speed propagation the electromagnetic wave. At zero temperature, in the frequency
range of 2 ... 8 GHz, the share water content in the medium, the density and structure the medium will
play a determining role in the speed propagation an electromagnetic wave in the medium.

The purpose this article is to determine the change ranges speed propagation electromagnetic waves
in snow-ice the underlying surface depending on the density, structure, water content to restore the
structure the snow and ice according to radar sensing, a more accurate determination the depth snow
and thickness ice cover used in the assessment the possibility the safe landing an aircraft the helicopter
type on an unprepared ground with snow-ice cover.

Keywords: snow cover, ice cover, underlying surface, dielectric permittivity, electromagnetic wave
propagation speed.
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CxopocTh pacnpocTpaHeHUs 3JIeKTPOMATHUTHOM BOJIHBI

B CHEKHO-JICATHOM MOJACTHJIAIOIICH OBEPXHOCTH

B.A. Maasimes, B.I. MamkoB

Boennwiii yueono-nayunwiit yenmp BBC
«Boenno-6030ywnas akademus

umenu npogheccopa H. E. JKyxoseckoeo u FO. A. ['acapunay
Poccuiickas ®@eoepayus, Boponeoic

AnHoTanus. [IpenctaBieHs! pe3yIbTaThl PACIETOB CKOPOCTH PACIIPOCTPAHEHUS 3JCKTPOMATrHUTHON
BOJTHBI B CHEXKHO-JI/ITHOM TIOKPOBE B 3aBUCHMOCTH OT TNIOTHOCTH, IO COACPKaHUS BOIBI U CTPYKTYPBIL.
CKOpOCTH pacrpoCTpaHEHHS dJIEKTPOMAarHUTHON BOJHEI B CyXOM CHETe, CyXOM (PHpHE U CyXOM JIbJIe
BEChbMa 3aMETHO M3MEHSIOTCS B 3aBUCUMOCTH OT JIOJHU COACP KaHUS BOJBI, IPEUMYIIIECTBEHHOMN
OPHUEHTHPOBKH U (OPMBI BKIFOUCHHH JTh/Ia M BO3yXa B CHETE.

BrinosiHEHHBIE OLIEHKHM KOMIIIEKCHOM OTHOCUTENBHON JU3JIEKTPUUECKON IPOHUL[AEMOCTH CPEIbI,
OIIPEACIISIONIEH CKOPOCTH PACTIPOCTPAHEHHUS ANEKTPOMATHUTHBIX BOJIH, TOKA3bIBAIOT 3aMETHOE BIIHSTHIE
IJIOTHOCTH, JIOJIHM COEPIKaHMS BOIBI M CTPYKTYPHI MOACTHIIAIOIIEH TOBEPXHOCTH (CHET, (GUpH, Jen),
YTO TO3BOJIAET UACHTH(GHUIIMPOBATH CIIOH MOACTIIIAIONICH MTOBEPXHOCTH C IENIBI0 TUCTAHIIMOHHOTO
OTIpe/ieICHN s BO3MOKHOCTH ITOCAIKU BO3AYIITHOTO CyJHA BEPTOJICTHOTO THIIA Ha HETTOATOTOBICHHYIO
TIJIOIA/IKY CO CHEKHO-JISISTHBIM TTOKPOBOM.

[Ipu moe conep>kaHus BOIBI B CPEIe, PABHON HYIIIO, UTO XapaKTEPHO IS OTPHLIATEIBHBIX TEMIIEPATyp,
CKOPOCTH pacIpoCTpaHEHUS dJIEKTPOMATHUTHON BOHEI B cpefie OyIeT 3aBUCETh TOIBKO OT IMIIOTHOCTH
CpeIBl U ee CTPYKTYPBHI, IS CYXOro JIbJIa B He3HAUUTENBHBIX Mpeeiax | M/MKC OT TemriepaTypsl. B cyxom
CHeTe BeCOMBIN BKJIAJl B U3MEHEHHE CKOPOCTH PAaCIPOCTPAHEHUS IEKTPOMATHUTHON BOJTHBI BHOCST
BEPTHUKAIBHO U TOPH30HTAIBHO BEITAHYTHIE IN00 cheprueckue BKItoUeHHs. [Ipu HyneBoii Temneparype
B nama3oHe 9acToT 2...8 [T onpeaensronryro pois B CKOPOCTH PacpoCTpaHEHUS AIEKTPOMAarHUTHON
BOJIHBI B cpefie OyIeT UTpaTh OIS COASPIKAHUS BOIBI B Cpe/e, INIOTHOCTh U CTPYKTYpa CPeb.
Lens nanHOW CTATHH — OMPEACIUTH AUAMAa30HBI H3MEHEHHS CKOPOCTH PAaCIpOCTPAHEHUS
SIIEKTPOMAarHUTHON BOJIHBI B CHE)KHO-JIEASHON MOICTHIAIOIICH MOBEPXHOCTH B 3aBUCHMOCTH
OT TUIOTHOCTH, CTPYKTYPBI, COIEP>KaHMS BOBI 11T BOCCTAHOBJICHUS CTPYKTYPBI CHE)KHO-JICISTHOTO
ITOKPOBA 0 TaHHBIM PaIHOJIOKAIIMOHHOTO 30HIUPOBAHUS, O0JIee TOYHOTO OIIPEeICHUS Ty ONHBI
CHEXHOT'O ¥ TOJIIIUHBEI JISSTHOTO MTOKPOBA, MCIOJIB3YEMBIX B OLIEHKE BO3MOKHOCTH BBITTOTHEHHS
0e30MacHOl MOCaaKy BO3AYITHOTO Cy/IHA BEPTOJIETHOTO THTIA HA HETIOATOTOBICHHYIO TIJIOMAIKY
CO CHE)KHO-JICITHBIM TIOKPOBOM.

KuroueBble ¢J10Ba: CHEXKHBII OKPOB, JEASHON MOKPOB, MOACTHIIAIONIAS] TIOBEPXHOCTD, AUIIEKTPHUYECKas
MIPOHUIIAEMOCTb, CKOPOCTh PACIIPOCTPAHEHHUS AIEKTPOMATHUTHOM BOJIHBI.

Iutuposanue: Mansies, B.A. CkopocTh pacipocTpaHeHHS 2JIEKTPOMAarHUTHOM BOJIHBI B CHEXKHO-JIS/ISTHOM 10JICTUIIAIOMIeH
noepxHoctr / B.A. Massiiues, B.I. Mamkos // Kypu. Cub. penep. yu-ra. Texuuka u Texnogoruu, 2021, 14(3). C. 332-346.
DOLI: 10.17516/1999—494X-0313

Introduction

The accuracy measuring the depth snow and the thickness the ice cover when landing a helicopter-
type aircraft (HTA) on an unprepared snow-ice platform directly affects the level flight safety. Landing
on a snow-covered reservoir with a depth snow cover above the permissible or with a thickness ice cover
below the permissible can lead to sinking under snow, ice, or to overturning the HTA day and night,

in simple and complex weather conditions (fog, haze, rain, snow, dust or smoke in the atmosphere), as
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well as in conditions raised snow by its rotating screw [1]. The need for such a landing may be caused,
for example, by cargo delivery, search and rescue operations, or evacuation of the wounded.

When measuring the depth snow and the thickness ice cover by radar, its accuracy will depend on
the accuracy measuring the time delay and the speed propagation an electromagnetic wave (EW) in a
medium other than the speed propagation EW in a vacuum ¢ = 2,99792458-10% m/s, depending on its
dielectric constant. A snow-ice surface is a three-component medium that is a mixture ice with water
and air inclusions [2]. In turn, the dielectric permittivity the snow-ice underlying surface, depending
on the density and proportion water content, will vary significantly. Since, for example, the real part
the static permittivity melt water is &y s = 87,9 [2, 3], and dry dense ice (without air inclusions)
gy = 3,20+0,02 [2-5].

The value the permittivity dry snow cover is between ice and air ¢, = 1 depending on the density,
as well as the preferred orientation and form inclusions ice and air in the snow. Depending on the
shape the crystals, snow may have different physical properties. The snow density varies for open
areas, forests, and melting snow and is in a very wide range of 10...700 kg/m?, which affects all snow
characteristics.

Denser, solidified granular and partially recrystallized, usually long-term snow (firn), or rather the
intermediate stage between snow and glacier ice has a density of 450 ... 800 kg/m? due to interconnected
ice grains [6].

Since the density snow on the height the snow cover is very heterogeneous and is determined by
the depth and duration its occurrence, the density snow cover is an average value.

In the European part of Russia, the average density snow cover at the end the winter period in
the Northern regions is within 220...280 kg/m?, in the middle zone — 240...320 kg/m?, in the South —
220...360 kg/m?, the wider limits are explained by intermittent thaws. The presence water and water
vapor (moisture) significantly increases the density snow cover. Melting snow has a higher density
value, so in most cases at the beginning melting it is within the range 180...350 kg/m?, changes at the
height melting to 350...450 kg/m?, at the end melting it reaches 600 kg/m? [6].

Property water

The static permittivity water is great importance, which is explained by the chemical structure the
H,0 molecule. The orientation degree freedom molecular dipoles and their rotation largely determine
the electrical properties water [7]. Dipoles are randomly oriented in the absence an external electric
field (EF), and the total EF they create is zero. The action the EF contributes to the reorientation
the dipoles, leading to its weakening. In all polar liquids, this happens, but water is able to weaken
the external field by almost 80 times. With increasing frequency, the dipoles do not keep up with
the external EF and stop reacting to it, while the value the water’s permittivity decreases to 4...5 for
frequencies greater than 10'> Hz. In this case, the permittivity is determined only by the atomic-
molecular redistribution the electric charge characteristic all substances.

According to [7, 8], the complex relative permittivity pure water &, (Fig. la) depends on the
frequency f(GHz) and temperature 7,,, (°C), &, defined by the formula (1), real part &,,, — (2), imaginary
part £}, — (3):

gpw = gi)w _jgyi)w; (1)

— 334 —



Journal of Siberian Federal University. Engineering & Technologies 2021 14(3): 332-346

gpw s gpwl gpwl - gpw 0 (2)

ng: ) 2+é‘
U ) 1 )

g = (f/fpwr] )(gpws _gpwl) i (f/fpwrz )(gpwl - gpwoc)
™ 1+ (f ) fnt)’ 1+(f/ fow)’

where: &py s, €pw1 = 0,007 18,y 5, £pw o — Static, current, and dynamic permittivity pure water, respectively;

) ©)

Jown and fo 12 = 39,8f, 1 — Debye relaxation frequencies.

Since water is a good solvent, in nature certain salts are almost always dissolved in it, that
is, there are positive and negative ions in the water. Water is weakly dissociated under normal
conditions and the concentration of protons (hydroxonium H;O" ions) and hydroxyl OH"ions is
0,1 pmol/1 [9]. Electrical conductivity, as a numerical expression the ability an aqueous solution
to conduct an electric current natural water, is determined mainly by the concentration dissolved
mineral salts and temperature. Natural waters are mainly solutions mixtures strong electrolytes,
the mineral part which is made up ions Na*, K, Ca?*, Cl,, SO,*, HCOs", which determines the
electrical conductivity. Other ions, for example, Fe**, Fe?*, Mn?*, Al’*, NO;,, HPO,, H,PO,
they do not significantly affect the electrical conductivity if they are contained in water in small
fractions.

The normalized values mineralization approximately corresponds to the specific electrical
conductivity 2 pSm/cm (Sm — Siemens, the inverse Ohm) (1000 mg/dm?) u 3 pSm/cm (1500 mg/dm?)
for chloride (in terms of NaCl) and carbonate (in terms of CaCQO;) mineralization [9]. The specific
electrical conductivity water characterizes the salinity fresh water (salinity seawater) depending on
the temperature, concentration and nature ions, for distilled water 7, = 25 °C respond 2...5 pSm/cm,
precipitation — 6...30 pSm/cm and more, in highly polluted air mediums, river and fresh lake waters
20...80 uSm/cm.

The salinity sea water varies within: for the Baltic sea Sy, = 10...12 g/kg (Gulf of Finland
Ssw = 2...3 g/kg, in the Danish Straits S, = 20 g/kg at the surface the sea and S,,, = 30 g/kg
near the bottom); for the red sea S, = 40...42 g/kg; for the Dead sea S, = 300...310 g/kg (before
Ssw = 350 g/kg). Salinity the world ocean water Ss,, = 30 g/kg.

a) b)

Fig. 1. Dependence the complex relative permittivity: a — g, pure water Sy, = 0 g/kg by (1-3); b — &, sea water
Ssw = 35 g/kg by (4-6), from frequency fat 7,= 0; 15; 30 °C
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According to [8], the complex relative permittivity seawater &, (Fig. 1b) depends on the frequency
f(GHz), temperatures T, (°C) and salinity S, (g/kg or ppt), &, defined by the formula (4), the real part
4w — (5), imaginary part &, — (6):

Esw = E;W 7jg,,sw; (4)
. Egws — €. &1 €.
= SW s swl swl SW 0 '00; 5
85“ 1+ (f/-]{swrl)z 1+ (f/.](swrz)z ! gs“ ( )
gs‘w — (f/.f;wrl).(gs\.vs 7fswl) + (f/f;wrz)(gswl 7‘2‘5\:\7@) + lgo-swoo R (6)
1+(f/ farn) 1+ (f/ f) /

where oy, s — the conductivity seawater is dependent on salinity sea water S, and temperature Tg,. By
Ssw =35 g/kg and T, = 0 °C 0y s = 2,9036.

As can be seen from Fig. 1 the value the complex relative permittivity water with increasing
salinity Sy, and temperature 7 decreases. It should be noted that the water density reaches its maximum
values 999,972 kg/m? at temperature 7 = 3,8...4,2 °C [10], as the temperature decreases further, the
density decreases. This temperature dependence density is typical only for water.

Properties the ice sheet

The electrical conductivity ice and snow is many times less than that water. The presence
various impurities in water has a significant effect on its electrical conductivity and practically
does not affect the electrical conductivity ice. Partial dissociation molecules into H" and OH-ions
determines the electrical conductivity chemically pure water. Movements of H™ ions (proton jumps),
which create two types defects in the ice structure: ionic and orientation, have a major influence on
the electrical conductivity water and ice. In the first case, the proton jumps along the hydrogen bond
from one H,O molecule to another, resulting in a pair ion defects H;O* and OH-, and in the second —
to the neighboring hydrogen bond in one H,O molecule, while a pair orientation L and D-defects
occurs [9, 11].

As the temperature increases, the electrical conductivity increases exponentially, which
distinguishes ice from metal conductors and puts it on a par with semiconductors. Ice is usually very
clean chemically, even if it has grown from contaminated water or solution, because it has a low
solubility impurity in the structure. When freezing at the crystallization front, the impurities are
pushed into the liquid, do not enter the structure ice, so the newly fallen snow is white, and the water
from it is exceptionally clean. Ice is a proton semiconductor, since the charge carriers are disordered
protons and there are no free electrons in it, as in metals [9, 11].

According to [8] the complex relative permittivity dry ice &g; consisting frozen water, i.e. 7<0 °C
£4i = €ai —JE dir (7

The real part the complex relative permittivity &y depend on temperature Ty; and it doesn’t depend
on the frequencyf For dense ice when Ty = 0 °C &y = 3,19 + 0,04 [12, 13], a in the temperature
range Ty = 0...—20 °C, characteristic Subpolar and warm glaciers, this dependence is described by the
equation ey; = 3,1968 + 0,0617Ty; [12, 13], according to [8]

e = 3,1884 + 0,000917y;, 8)
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an imaginary part the complex relative permittivity ¢y depend on temperature Ty; and the frequency

S8

. 4
&y :7+st ©)
where:
4=|0,00504+0,0062| ——0 1| lexp| -22,1| —0 1]}
1, +273,15 T, +273,15
p[_ 335 ]
T, +273,15
p=—20207 a7 2 11,16x10 " f% +exp(~9,963+0,03727, ).
T,+273,15 335
-2 |1
p[ T, +273,15

Real ¢y; (8) and the imaginary &; (9) parts the complex relative permittivity dry ice are shown in
the Fig. 2 [8] for Ty = —20 °C from frequency f.

= °C
i Tdi 20 °C
€4 B e —
10° ; i
——¢'y; real part } :
- — &', imaginary part 1
-1 ¢ : ) )
10 y
’/ i
-~
=, ) -
107 - 3
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l()]\\ ¥ 4
i \\ /’,
4 -~ - - -
‘ -
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Fig. 2. Dependence the complex relative permittivity dry ice &q; by (7-9) from frequency fat Ty; =20 °C

When the ice is wet Ty, = 0 °C, its grains are surrounded by water. Considering ice grains

as spherical inclusions in water, the Maxwell-Garnett dielectrics mixing formula is applicable

[8]:

_ (24 +26,, ) +2(25 -2, )1-P,) . 10)

(adl +2‘spw)—($di —&p )(I—Pw) e

where &y, £4i, €pw — complex relative permittivity wet ice, dry ice, and clean water, respectively; Py, —

gwi

volume fraction water (m3/m?). Each part equation (10) is a function the real and imaginary parts the
complex relative permittivity dry ice and the corresponding parts water.

Real and imaginary parts wet ice according to (10) at /=20 GHz and 7,; = 0 °C (Fig. 3a) depending
on the water content Py, and from f'(Fig. 3b) with a fraction the water content P,, = 0,1; 0,2; 0,3 shows

a significant increase in indicators with an increase in the share water content.
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T =0°C, f=20GHz T =0°C
£ ! . £ .. 3 T
= wi L ! T ’ -
—c',; real part . ’
25| |= = &", imaginary part 5

0 0.2 0.4 0.6 08 P mm’ 107 10° 10' 10% J,GHz

a) b)

Fig. 3. Dependence the complex relative permittivity wet ice &; by (10) depending from: a — the proportion liquid
water content P, at f=20 GHz; b — the frequency f'with the proportion liquid water content P,, = 0,1; 0,2; 0,3 at
T,i=0°C

The speed propagation an electromagnetic wave
in the operating frequency range

In General, the real subsurface structures medium is largely not uniform, so it is difficult to
take into account their parameters when modeling without averaged values for subsequent studies.
The structure the medium an unprepared site for landing on a snow-ice underlying surface, as a rule,
consists of several layers, it can be snow, firn, ice, clean water and sea water.

The depth penetration EW 4 in work [8], defined as the depth at which the field strength amplitude

within the medium falls to 1/e (about 37 %) from its original value on the surface

(11

where A — the wavelength the probing signal; ¢; and &} — the real and imaginary part the dielectric
constant the medium, respectively. One the criteria for selecting the frequency range is the depth
penetration (11) into the snow at frequencies 2...8 GHz about 10 m and a resolution about 4 cm in the
ranges C...S (3,75...15 cm), this allows you to get a reflected signal from the interface between the
medium «air-snowy, «Snow-ice», «ice-water.

The speed propagation EW in the medium V/ is:

V.(f)= < : (12)
. 1+ \/1 +tan’ &
s
where
& (f)+ =2k
tans=— 2FIE .
(/)

1:—magnetic permeability the medium; tgd —the tangent the dielectric loss angle; 4. —the final conductivity

direct current losses in the dielectric; &y = 8,854187817x107'2 F/m — the permittivity the vacuum.
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Unlike materials with noticeable magnetic properties such as iron (ferrites), cobalt, nickel and
their alloys, many materials are not magnetic, which makes their magnetic permeability very close to
that vacuum g, = 1 (air, water, aluminum, copper), therefore, in such oil-absorbing dielectric medium
as snow, firn and ice, the dielectric losses at frequencies of 2...8 GHz are small [4, 7], and the speed
EW propagation in the medium ¥, depends only on the relative permittivity &; medium. In frequency
bands /= 2...8 GHz the imaginary part (f) small compared to the real part ¢ (f) and do not show a
relaxation of the permittivity. Under these conditions, the EW propagation rate is determined for non-
saline medium

C

Vi) =—F— (13)
Ve ()

Complex relative permittivity &, pure water S,,, = 0 g/kg (Fig. 4a), &, sea water S, = 35 g/kg

(Fig. 4b) and the speed propagation EW in pure water V,, S,y = 0 g/kg (Fig. 5a), Vi, sea water

S =0gke S =35g/kg
€ pw € W,
pw SW
— ¢ T,,0°C £ T 0°C
pw' " pw sw * sw
i :_"IV\\' Tp\\:O °c | = 5“,\\\ s\\‘:O °C
8"& —_—c T =15°C 80 Ui
e 2 9 Txe
\_ - T =15°CH x_ - " ,T =15°C
pw' " pw N sw' T sw
60 — s‘p“. lp“f30 °C (4 60 K —_— T 730°C
- —¢" T =30°CH N - = " T =30°C
L pw’ " pw | ~ sw' U sw
- F Maoe. ] e e i it
P o - i e T e st s 1
i s et B i o T o S dripetios Bpsberiingd |
o e i e el i Sl
20 o™ e 1 20+ ]
0 A i " A A J 0 I L A A i J
2 3 4 5 6 7 fGHz 2 3 4 5 6 7 fGHz
a) b)

Fig. 4. Dependence the complex relative permittivity: a — &, pure water Sy, = 0 g/kg by (1-3); b — &, sea water
Ssw = 35 g/kg by (4-6) from frequency f=2...8 GHz at 7; = 0; 15; 30 °C

/ § =0gke ’ S_=35gke
e pw - sw
pw T SW T
m/ps m/ps —V T 0°C
—_—V T =15°C
45t 45t — Vo Tw™0"C |4
40
35¢ 1
30 L L i i i J 30 L i i i i J
2 ) 4 5 6 7 /, GHz 2 3 4 5 6 7 f GHz
a) b)

Fig. 5. Dependence the EW propagation rate for: a — V},, pure water S, = 0 g/kg by (2) and (13); b — V4, sea water
Ssw =35 g/kg by (5) and (13) from frequency f=2...8 GHz at 7,=0; 15; 30 °C
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Sqw = 35 g/kg (Fig. 5b) in the operating frequency range /= 2...8 GHz it has a smoothly changing
character.

With increasing temperature 7; = 0; 15; 30 °C and frequency f the changes are more pronounced.

The real part the complex relative permittivity dry ice ey does not depend on frequency
f=2...8 GHz (Fig. 6a), but only from the temperature Ty; = 0; —10; —40 °C within a small range, which
is also seen on the velocity propagation EW Vy; (Fig 6b).

Significant contribution to the complex relative permittivity wet ice &y; contributes a percentage
water content P,, (Fig. 7). For the frequency f=2; 8 GHz by T,; = 0 °C there is a very strong growth
both real and imaginary parts.

With increasing frequency /= 2...8 GHz there is a decrease in the actual part the complex relative
permittivity wet ice &; (Fid. 8a) and accordingly the increase in the speed EW propagation in wet ice
Vi (Fig. 8b), with a fraction the water content Py, = 0,01; 0,1; 0,2.

(h ¥ ¥ vldi.
m/us
10" 169 1
= 7 =0°C |
—¢a T,=0°C i
I
107+ [ ':Idi‘Tm (: (; | 168 L -
|[—— €'gp Ty=20°C
‘_ --E & le=-20 C
10 ‘ &'y Ty=40°C |1 167 | 1
:"m‘ le=-40 °c 1
102k — 166 -
1ot == 165
2 3 4 5 6 7 f, GHz 2 3 4 5
a) b)

Fig. 6. Dependence: a — the complex relative permittivity dry ice &4; by (7-9); b — propagation rate the EW V; by
(8) and (13) from frequency /= 2...8 GHz at Ty; = 0; —10; —40 °C

)

wi

- /zl(jllz}
— ' . [=8GHz|
- = &" .. /=8GHZ

80

60+

40t

- -
e N

0 0.2 04 0.6 08 ¥ m/m’
Fig. 7. Dependence the complex relative permittivity wet ice &y; by (10) from the proportion of content liquid
water P, for the f/=2; 8 GHz at T;,; =0 °C
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Fig. 8. Dependence: a — the complex relative permittivity wet ice &y; by (10); b — propagation rate the EW in the
wet ice V,,; by (10) and (13), with the proportion of the liquid water content P, = 0,01; 0,1; 0,2 from the frequency
f=2..8GHzatT,;=0°C

-

Snow cover both on land and on glaciers, depending on the conditions formation and occurrence,
is in a dry or wet state, it consists layers and layers snow and ice different densities, water content and
structures formed as a result snowfalls, thaws and cold spells.

Depending on the proportion water content, the snow cover is a two-phase (dry) or three-phase
(wet) system consisting ice crystals, water and air containing water vapor.

To describe the relative permittivity snow g as a mixture two dielectrics ice and air with relative
permittivity &} and &, or ice and water with relative permittivity &; and &, as a function their volume
concentration a number equations are proposed in the works [2, 14-18].

In the first approximation, the dependence the dielectric constant the medium ¢; (dry snow &js,
firn ey, ice’s &y;) from density p; (pas, par, Pai) and volume content the medium v, (vgs, Var, Vai) can be
described by K. Lichtenecker’s formula [2, 20]:

lger=welgei (1 —vy) g e, (14)

where v, = p, / p; — volume content medium; p; = 917 kg/m?> — the density dry ice without air inclusions.

Lueng’s formula [2, 21, 22] for such medium with spherical air and ice inclusions:

g :(vl (e -1)+1)3, (15)

where v; = p, / p; — volume content ice; p, — density the dry medium (dry snow pg, firn’s pgys, ice’s

Pai)-
According to the empirical formula of G. Robin [2, 21], the dielectric constant of the medium is

determined by
e.=(1+ 8,845 p,)*. (16)
Close ratio [2, 24]
e =(1+0,848 p,)?, a7)
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obtained from the analysis radar logging a borehole on the Island Devon (Canadian Arctic Archipelago)
and in the analysis of radiosonde data on the McMurdo ice shelf (Antarctica) and available laboratory

and field measurement materials [2, 25]
e =(1+0,845 p)~. (18)

Experimental dependencies obtained by different authors e; (e, ar, €q;) from density p; (pys,
Pas Pdi ), they show a very close agreement with the calculations based on the G. Lueng formula (15),
while the maximum discrepancy with the results calculations based on empirical and computational
dependencies does not exceed 2...3 % by &; (4, €ar, £4;) at a density more than 400 kg/m? [2]. The real
part the complex relative permittivity the medium &, (snow, firn, ice) and the speed EW propagation
in the medium ¥; with density p, — 100; 500; 700; 917 kg/m?® according to (15) do not depend on
f=2...8 GHz, but only from T within small limits as for dry ice (Fig. 6). Relative permittivity a wet
medium &, (Wet SNow &, firn’s &y, ice’s &y,;) depending on the percentage water content Py, it is also
described by the Lueng formula [2, 22]. For a two-component ice-water mixture with water-filled

pores

e =({e+ . (e 4)) (19)

where ¢; and ¢, relative permittivity ice and water, respectively.
For a three-component medium consisting ice with water and air inclusions, given (22) we obtain
[2,26]

o= (Ve (=P 2 (e + P 0)

where P,,, — the total percentage water and air content («total» porosity warm ice).
Relationship between the relative permittivity a dry medium &; and humid medium &,, can be
described by formulas [2, 24]:

&= (1+ 17 p:+0,80p7); 2D
€y =(0,1Py + 0,80 P,2) &y + &1 (22)
&= (0,1P, + 0,80 P,2) &', (23)

where ¢, and &, — factors wet environment and water loss, respectively.

With an increase in the proportion water content in the medium P,, (Fig. 9a) there is a drop
in the speed EW propagation in the medium ¥; (snow, firn, ice) with completely filled pores with
water calculated by (19) and the density the medium p, (Fig. 9b), there is also a drop in the rate EW
propagation in the medium ¥; with a total share water and air Py, — 0,1; 0,3; 0,5; 0,6 and water P, — 0;
0,1; 0,2; 0,3 according to (20) for /=8 GHz by 7; =0 °C, a with an increase in the proportion air content
P, speed increases.

The speed of propagation EW in the medium ¥} (right scale) depending on the percentage water
content Py, = 0...0,1 (lower scale) and medium density (snow, firn, ice) p, (left-hand scale) at 7. = 0 °C
for the frequency f'= 2 GHz (Fig. 10a) and f'= 8 GHz (Fig. 10b) shows an increase in speeds on

compared to in looser structures and a drop in denser structures.
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Fig. 9. Dependence propagation rate the EW by V; (snow, firn, ice) from a — percentage of liquid water content P,,
for medium density p, — 100; 500; 700; 900 kg/m? with fully filled pores with water by (19); b — density of medium
p: With a total proportion of liquid water and air P, — 0,1; 0,3; 0,5; 0,6 and liquid water P,, — 0; 0,1; 0,2; 0,3 by
(20) forf=8 GHzat ;=0 °C
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Fig. 10. Dependence propagation rate the EW by (snow, firn, ice) (13) V; (snow, firn, ice) from the density of the
medium (21) p, and the percentage of liquid water content (22) P, = 0...0,1 for: a— /=2 GHz; b — f= 8 GHz at
T.=0°C

How can it be seen that for dry medium, the EW propagation velocity at 7; = 0 °C are in the
intervals: for dry snow — Vg, =278,1...212,7 m/us; for dry firn — Vg = 212,7...189,0 m/us; for dry ice —
Vai = 189,0...167,9 m/ps. The picture is changing with the increase in the proportion water content P,
because for pure water V,,, = 32,74...41,97 m/us.

An important factor affecting the speed EW propagation is the shape, size, and orientation air and
water inclusions in dry and wet snow, firn, and ice. In [28] it is shown that when water inclusions are
perpendicular to the EW direction, they have high velocities in the ice, and lower velocities when they
are parallel to the EW direction, i.e. if the inclusions are drawn parallel and normal to the ice surface
the snow-ice cover.

For medium with disc-shaped inclusions, the dielectric constant in the parallel direction &, and

perpendicular ¢, EF, described by the ratio [2, 28]:
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(1-4)) &8, +(4,+2) (52, + Pel - Pes, )
&= ;
(1-4,)e, (1-P)+(2+ 4,) e

w

(1+24,) e, +(2—2Ad)(5;5w +el —ngj)
ST (24 ve, (12 )+ (2-24)8,

where ¢&; and ¢, the permittivity the host ice and water inclusions, respectively; Py, — volume fraction
water content; 44 — depolarization factor that characterizes how ordered the orientation inclusions is
(stretched in one direction — A4 = 1, randomly placed — 44 = 0).

The calculations performed by Kotlyakov V.M., Macheret Yu.Ya., Sosnovsky AV,
Glazovsky A.F. in [2] indicate the applicability the Lueng formula (19) for estimating the average
density dry snow cover and show that the speed EW propagation in snow, firn, and ice depends on
the density p,, the proportion water content Py, the structure can change over a wide range. So in dry
snow cover, with an average density of pgs = 400...500 kg/m?, the average speed is close to the EW
Vis= 190 m/us. However, it will change greatly depending on the preferred orientation and shape ice
and air inclusions in the snow. In dry snow with vertically and horizontally elongated and spherical
inclusions the speeds differ by 38 m/us (16 %) at a snow density of 300 kg/m? and at 15 m/us (7 %)
at a density of 500 kg/m? and the ratio semi-axes ellipsoids p = 2. By p = 4 this difference is 61 m/us
(26 %) and 23 m/us (11 %) respectively.

Conclusion

Thus, if it is possible to remotely measure the speed EW propagation in medium V}, the average
density medium p, .., can be estimated, as well as the average water content in medium Py, 4yr, Which
will allow remote identification the medium (underlying surface), more accurately determine the depth
snow and the thickness the ice cover, in order to perform a safe landing a helicopter-type aircraft on an
unprepared area with snow and ice cover.

When the proportion water content in the medium P, = 0, for the temperature the medium
T, < 0 °C, which is typical, for example, for the Arctic territories, the task identifying the medium
(underlying surface) is simplified, since the speed EW propagation in the medium V; will depend only
on the density p, and the structure these medium.

Knowing the intervals electromagnetic wave propagation speeds Vg, = 278,1...212,7 m/us for dry
snow, Vgr=212,7...189,0 m/us for dry firn and Vy; = 189,0...167,9 m/us for dry ice, allows you to remotely
identify the medium and more accurately determine the depth snow and the thickness the ice cover to

assess the possibility landing a helicopter-type aircraft on an unprepared area with snow and ice cover.
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