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Figure 1-1. The schematic dispersion spectrum of ice at - 10 °C.
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Figure 2-1. Experimental arrangement for measuring the dielectric constants in a
waveguide.

32

&
o,
i

R CEEAEEER ST
B S =g

SR



—

Figure 2-2. The principle of measurement of the complex permittivity in a short-circuited
waveguide.
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Figure 2-3. The real part (') of the complex permittivity versus temperature at 9.7 GHz.

Ice samples are shown in Table 2-1.

34

i G

SR

2T

]

G-




t + $ $
+
No. 7
o No.1
No. 5 o No.2
e No.3 +
No. ® No.4
2.2x10° - x No.5
2x10~ <+ x No. 6 . A
No. 3 + No.7
No. 4
)
" Ol
+ + +
- + +
w 20""[:] * Y [ e ———
O @ o e L
O & + +
O O ] +
O i -
O a
1.8 + o) o il >< 4
No. 2
O O o«
No. 1 = =
(D)
O
% } } '
-40 -30 -20 -10

Temperature (°C)

Figure 2-4. Loss tangent (tand) of the complex permittivity versus temperature at 9.7

GHz. Ice samples are show in Table 2-1.
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Figure 2-6. Density dependence of the permittivity of ice collected from Antartic ice

sheet.
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No. Ice

*1

Mendenhall
Glacier

Mendenhall
Glacic;

Mendenhall
Glacier

Mendenhall
Glacier

Artificial

Antarctic ice

sheet (*1)

Antarctic ice

o

Table 2-1. Ice samples used for the dielectric measurement:

Single crystal ~ Angle between Density CI- NG;3

or electric field  (kg/m3) conc. conc.

polycrystalline and c-axis (ng/g) (ng/g)
(=5°)

single crystal  10°
single crystal  0°
single crystal 84°
single crystal 84°

polycrystalline
polycrystalline

polycrystalline

sheet ice containing
volcanic ash (*1)

920

913

920

915

918
889

870

93(x107) O(x6)
90(x%96) 10(x6)
104(x95) 7(x6)
122(x94) 9(=x5)

107(x121)  9(=7)
368(x96)  46(=6)

1040(=86) 408(x5)

SO%
conc.
(ng/g)

Na+
conc.
(ng/g)

10
196

815

. Ice sample collected from blue ice area, Nansen Isen, Dronning Maud Land,East Antarctica.
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Table 2-2. Permittivity of the low loss materials at 9.7 GHz measured by the system
used in this study.

sample real part (g') loss tangent (tand)
mean standard mean standard
value deviation value deviation

Teflon (PTFE) No. 1 2.015 0.002 0.00028 0.00004
(result of 7 independent measurements)

Teflon (PTFE) No. 2 2.032 0.001 0.00038 0.00007
(result of 5 independent measurements)

Polyethylene (MALEX-50) 2.310 0.001 0.00054 0.00012

(result of 5 independent measurements)

*Measurements were carried out at 25 °C.
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Figure. 3-1 The dielectric permittivity of single crystal of ice Ih at 9.7 GHz when the c-
axis is parallel to the electric field (sample no. 1-6) and when c-axis is perpendicular to

the electric field (sample no. 7-10).
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TABLE 3-1. ICE SAMPLES USED FOR THE MEASUREMENTS

Sample No.  Angle between Density
the electric field
and the c-axis

(% 5% (kg/m3; = 2)

1 2
0 913
1 914
1 915
1 4 b
1 913

915
913
911
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Figure 4-1 The complex permittivity of the HCl-doped ice versus temperature: (a) The

Temperature (°C)

real part (g'), (b) The loss tangent (tand). Concentration of acid in the sample is given in

the figure. The solid curves were computed using a least square program.
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Figure 4-2 The complex permittivity of the HNO;-doped ice versus temperature: (a) The
real part (¢'), (b) The loss tangent (tand).
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Figure 4-3 The complex permittivity of the H,SO,-doped ice versus temperature: (a) The
real part (¢'), (b) The loss tangent (tand).
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Figure 4-5 The loss tangent of the permittivity (tand) versus concentration of acid (C)
expressed by molarity (mol/L) at -10 °C. The results of all measurement are plotted on the

figure.
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saline ice calculated from the data given in [3].
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Table 4-1. Temperature dependence of (

temperature (dC

O

-2.5

-5.0

-7.5
-10.0
-12.5
-15.0
-17.5
-20.0
020
-25.0
-27.5
-30.0
-32.5

£
(L mol-1)

20.43

13.89

1027
8.22
6.72
o 0 4
4.69
4.23
3.88 -
3.62
3.37
2.94
2.68

dtana)
dc
(L mol-1)

5.29
3.75
3.50
3.17
2.81
2.56
2.38
2.18
28002
1.88
1.74
1.58
1.26
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5.1 AEOEE

AETWEH., BAETERLELIDUBEESE T H2XKDI.TGHzTOFE
Bk, RERMBOMRZCL->-TERAE® (LFFH) THLATWSEZ
Wbl dT 2, ZORR, FA4ETHEONLELIBLROBE LFEHK
DHboEHBBEFRE2BELXCHEETEZR LGS, TR A7 0EHT
bLFETHRBER—DOMHEICBEIEP D>, T ORI KRAE
flovtswe 4 7aBmE LFROBMOBABEETICREFCHEES T
BEELBWI L2 RBLTWVWS, /., KPIREESHET H LT Lo
TR 2BSKEZHEFEOMI., po THBHMKKKOBIRNIEZHE A A= L%
T 2 D ICEBIhTELETIILOBOLNEMHEEELL —HKT S
Ebhote, COEFNER. ZREBPRIESEIN S BRI = XK F IS
FLTHDZ e LTHEHELEXBEED/NNRACNE>TWVE LWV
bOTH 3,

B, AEICBRRZHAABIZ, BEHAVKEEBRHOI.C. Mooref I &




| il

V. Volff BT OREMAOKEL LcBERBETH 2, = OLEH
% O#ER E . W XMoore, Fujita and Wolff(Submitted) & L T/ & X "
NTHED. ABONBBZORXO—MAEE 0T 3.

5. 2 I L®»IC

KRS EDOKEKIIH T I E— by v o/ REVEBEREGERET
DIFRONTWVE (FMXBLILEZBR) , 20 Tcb V4 za—Hv
v7F4 ¥ 73 10MHz- F100MHz DRI TH S b, KERBEELE 2
EHICHVWOLNLTWVW S, KEATH»S O BHEORMIZ. Kix2 B4 3
BRZENZTNRE - BRFEREZLODEDLOET 2, KEKNIPKE
BRKEKOHNEHS LELIBEAZIHA, ZOoS5Bb0 (L ohrld@EiciE
SHRKREBRKILBKOFROBE KT EIENbh>TWV 3
(Millar, 1981), F 7. Hammer (1980) iZ . X1l M K A% B Hl )k IR ~ 0 Ht
BY (B —ov L) OMBEEL, BAKEOHEIC k- TED ST
EEHONICLTWVWSE, L -> T, KKRNBPBOERFTEROEILDR
Hol-2id. BMOBEZEHAICELEZBbDTHE3EVWSRIALKDIILL, % |
NEKKEEBBASORVWE SN REARHT 2N REHRICK > T W ,
5, KKHNBRHBOZDOMOFERII>DWVWTIR, COHEBETEETHL
(#W L %o Moore(1988)id. LFHWTHIELALKKITOESZEHE 7
D774 bS5, KERBTOV—F—BORBEFVEBEL 2, C ;
DHE., BRKIZEEOZEBIKOoTOREEOEEOEILICLDE T - i
TWE3HDTH B, LAIrLEUNL, KR, BPHOAMYLF VA 0
“Yo rvFy vV AR T Mizw) TKRKOEBXWEHE
KEX Z2EEBRIHSHI»TR LI > o

RiT. BHKEKELOSEBONEZKKITOBRKTOFEREEZ. 8P
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RO SR AMYBRECHESINZ I EpEHO Al hT W

(Noore et al., 1989) . ¥/, v A /o, 2B X B4 E 0D
BRELOMORBELPO MR -THD, /. BBEOKEOHE ¢

Natzler and Wegmuller (198T) 2SNl TWB, /4 . KDL

5iIcy BEXEK D M:,t5bxi:iﬁﬁ}?%rﬁw‘%mkucw'cci{ﬁJici‘Vant et

al. (1974, 19T) B LEDBLOWHEF» & 2, L2l s, EEKLE

XA B BEOR OB KT T, AHYULBZBERICE LI 2B B2 FH -
HEMTIEEAER OV,

CORBERH T, BHKOFEBR U I VW IRLEHETE 20 E M1 .

BLEWRKALZ LS DEvans(1965) K5Il & TV 3 Westphal @ il 5E &

RTH B, Lo LA SLWestphal DR IZ. KoFEEBHEHIcH LT
SEAMPOBBEULHSICLBHICITRDOOIZBDOTH . HOH
WERKABCENKEFORMY P A>T 0hkdbEVS &P, kRO

BOHA. THIC&BI VP Ix—VavoBERLEBESHCE -TWL

%o Robin et al. (19691 7 ) — > 5 ¥ KKK, 5 M & f iz )k 2 |
MW TParen® LF W CTHIE L BBBE OB A, Westphal DR L 7 & i
ROPTHROBPNONEI D> RE—HKT B EAERL Iz, LA j
CTINLODORERIZ. LFHESPATa- VY VT4 v VOB KBS
DIEICIRBFELDBHILIELELT VI EERBLTWVW S, & 25,
Johari (1976) B ALHIICVER L-#MiKEZHVWAESZEAED» S MHzEB 0
ERBEMNCIR. ZBELBICH > THEBHESBALTVWIE VWS EEL ‘
BELTWS, Likhi-T, HFPVHFCHEMAEN 25 VAT a—+ :

PR _,7“ AP i o =

T i

VT4 VI ORABEEETHL. LEFERPIL J 0B TORMY OB
tBA T2 EIHDE2HEARBZILEREETH 3,
AETRBRLFHL A 0BT, BAZFEHELEIIVIES LT

e il R

sy




b OTHMREERT 2, TAFIC, choxr, BEEHRIZS TN S
BHEXBACRFLTED Z BB ELTHELESEED S 21
BHoTWACWOETFTILOSCEINZESGEHEELELKYT 3,

5.3 MEBUKOBREHE

By 3¢ 1 R4 uBHotsE

MA<T A7 0w TGHzTKOFBERBICEZ 2B oW lRE
AETHMICHLNMTLTEL, o8 bBERU4-6)& D

and(C,T') = tand'pure(T') + &(T)C (5-1)

tREN, ZORHIT, EDCHBOYRE L TOtandDWA D %% L
TVW3, Cld. B3V AKFRAA Y OUBENVNEETH 3, R (5-1)
A O EEA1x10 D 53x10 2(nol /L) DWBH D & %, % L T iEE &
P-2.5°CHh 65-32.5°CO L EZBATE %, AG-DIF. HH - K8 - i
BraU K LTHEHETE 3,
REDSBOEZNMAFEEIO TR TN A ERICEY T, B &R
DEXICEHELFERHERIRXN-60)ERHKICLLTO LS UHEKRTEKT
ST E&A S

Op = €0 €27 f tand (B2

Ty BAFC IR, FTANAEBNMABAEBE» S RECBEHNLTWVWE I LD A
YEHRLTHOD. FOBVEHBETOREBEESBICRI TR ES BTV,
ld,. BB HhHTOEFBERE2EFLTWV S, RG-1)&EGB-2)L 0. KK

g S L T

e d e



$EHIT AL CRELZBRCEHEORARBE., KRO L5123,

000:808'2th g(T)C (5-3)

COREMVT. MA 1 ELKOBICA TR TS HAICHEL & &
PDBEXEZERE DOHAE(nolar conductivity) 2% 4 3= 12k L 7= A & i
DHEBKO2VTHET 2, #HREIN-1hRLTH 2, 22T, BK
EEER TV OEENBE

Oy = Oo€XP ‘(" R?K)

(5-4)
THRINBZERELTVS, CITRELIENS D DOK K ER

(=8. 32441 [Jmol k') TH 2, £/, EREHIALZXLF—, ZL T
L3N METH 2, AMAFTA4EORAERZR. #8bLXE-1Tik. -
5.0°CH» & -30. 0°C@Faﬁ®§'é%’6%7b“exp-(10. 3)[Solmol 1 THo., EN
18. 8 [kJ/mol]l & 15 3, |

5, 3, 2 LFHOH#E

Moore and Paren(1987)id. LFHRICHBVWTHHERDOKKIT ODHEEK
AEELEIEWHIE - FEMTRBEICAUET 2FETDH ZDEPE E WV S5 AIE
EEBFE L, o, CORMEEEZH VT, MEBAISEINEI N K
BinEDOXKa7oEEZFER T o774 VERMELL, TOaTIIR,
MBYEiIch@EdT 2 F—JI< v E(Dolleman Island) % 7 5 KM (Ice
Cap: WM DO ILAE BSOS KK OTHEMNELSFA—-Y YT INZWRE L
kbDTd2d, Chid F— I aT70OERIEICT 5, DEPETIZ.

E e
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20Hz-100kHzD A KB TORKRFERZAUES 30, BEZEEE S
FAECAFT 2 LR ED TN BMOGAKENOBREEL LTOEK
EEEC%E2KDBZILENTE 3,

Moore et al.{198) B F— L= a 70 ZFBRAEIELIE NS
ﬁ&ﬁg%@7u774ﬁ%\%@:7Ké§ﬂ5@$%%@%§ﬁ
FORBEAUEKRTEZ I EICED, -22°CTOD% L KEA AL OEEERE
DBV KRAD LD ICEE B EEZHS MiCL 7,

0a= A +1.425 [H] (5-5)

CCTHIRAKREAAVEETH 32, ARMKOEBESEZEEPEOLE
ARTEBTH 3, RG-5)D[HiE. BABHEICBI TVWEEEICK
BLTWEKRAA VEEZERT HIDOTRIEL., L ETILERT O
BHWE SN B4 A VDS, HBLELTEHIW BTS2, F—
VAT, HBE. ER. MBRO3EOREMANITRXTEEN TV, C
Wz, XBICBBPIIRBELTLVEKRAFT VEEDAVERZO LD
DEEICBEXMAL:-DICR. R—L2rva70hoBOBEALES:
BlcHWASLER L, Zhiz. Moore et al. (198D iIcE5ZXL o5 NnTHEY .,
YRleq. /L1E L TEZAAB A, HBAPI0%., HEBRAL2T% . MKA263%
Thotco Th & R(5-5)

0= A +2.07 [acid] (5-6)

2, 22 Tlacid] t 3 MZDObLbODERBEEILNRE TH S, N(5-5).
(5-6) CHEHEKEM]IZ-9°CE-22CORTHLIA>TWV5S,

T T e e e e e



gfhe. P= =2 a7 OREIIHIMIC. Moore et al. (In Press)

g 7V =Y I Y FPKKFRBArOEBWMENKkEKITOR T, 5F
(Laki) KILETFEN 2 KILOBHEYMAEZECBORB O EE &% & O/
FAB S T L7, SN, -22°CTRAD &S w kY B,

0= B +3.66 [H2SO4] £557Y

CCTBRERTHO . SO JRMMOKBEENLVEBE TS 5, K (5-6).

G-MNICREINZ%DEIF. Bl ELb-hoBESEEEFOMNE
(molar conductivity) & LTS5-1HiIC/R L THh %,

5. 4 EE

¢ 4+« 1 iWolif and PatentDEF N

Wolff and Paren(1984) . MM KIKKOE R EX zH K (ow) % 1
STVWAHBR., = XKHNACEFLICBEE LTEFETIBROR Yy bY
- THBEREBLEL, COLINRRORBVWR, BROKBERPTORE
REHE (o) E KOZKBEOPFTREILHD 2EEG(VW TR I,

o

tlLTCEHETE S, 22T1/31. EXHNAOEBREPTOR Yy b7 —
JOBAFHBRYREAE2ERTHTH %, —RTHNICHMT 2 =XKF DX
vy A7 —2 05 b, BREBSEEEKE. ~RLAROALIFES LR
W EAEABEHLTWVWS, CCTHRETIVLEZEZ, bL. BELNZHER
PT2 O BRATNCETIHBMRACAHT I LEL 21K 5,




AHREREEE R,

0&: = %—‘V Oso]

(5%3)

L1 %, Paren and Walk‘er(1971)61\ ZREmPOBEN. 2 B0
MICKRENSIHMNEHERNACEAETS2L0 b, SHEOKEICHEN
BB ERAA. THUOL=EXKNACEHELLALBRANZENICLKEETD
5 &%NL 7T, Wolff and Paren(1984) R C D & H B EF I A SEE
SNPERBIAEEREOREKFHEL. ZBICKEKKXKTHE I L LRE
kM E RS —KT 5L %2R L7, Wolff and Paren(1984) A%477% -
fos RG-ZHWVWAETFTIVFRICKS L, M- ERR - HBRILIC, £
21 ETLEELALEEBMELALKOEBESEZHE (nolar conductivity)
By T ZTHIRBRCEVEEZRT IENDIL>TVE, Th 5I1FK5-1
fic, =% 1. 2, 3&LTZHhERARIATL 3,

BEOBMII DVWIEBSEEENL O IBEVWEERRT O, KK%E
GO ITRTOBOP T, BEHPTRZLELOBOAFIIEUMICTKE
IBEOKFBAA V2 BHTEINLTHD, T LT, KFRAF U BMEP
DESKGI-BD FENLH \VF(charge carrier) & ->TW5, WM - &
B -WEBO3>OMIZ. BHKKKOPFILEVWLEINZERLBLAMY T
B, Fhiz. BEKEKOEERETHKMHELTEELE S, T X
NOR O G FAIITH B A-T3°C, HEMA-T74.7°C. T L THMA-43°CT
»%(Wolff and Paren, 1984).

5.4, 2 <A/ oBEHORR-LFFORKR -EHERET VARMED
il 5
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K5-11Cid ERERNLTERLTA Vo BEHOERE, LEFSDRRKOD
gER £ ICWolff and Paren(1984) D EF LB D EEE % | %iﬁ:ﬁ'
EELTARLTWVWS, 5 70BIREEOYHTH D, iz X (5-
NDOBREHRAABELZERLTVE, R5-1th T 1. 2. 3TRTDI
PR NTM. SR, BMICH T 2T F LA BT H B B4R (5
NRE&BIA 70 BEFDRER, RSRBRLFETOSY — >S5 > RkEX
DHBMOKERTHS, CORMBIF. A 7 0BEHOF -V THEE4 L
B{—HE T2, AEUMEEEEZRELLLE,. 41V 0BEEOF—4T
DEHALTRINVF —1318.8[k]/mol] TH-Dicx LT, EFILEE
EOZhid. MBMTIX27.0[k]J/nol] 2 LT, WM &L ERICTO>WV TIE
25.1[k]J/mol]l] TH 3. F— I a2 T7OLFETORAEEE (£ 6) k
#25. 1[(kJ /00l TH »Fco CHIBEF LG BEME B —KT 5, &

F—l=wra7ohicld,. BELTER - HB MBOZ LT Lo
PEEEINTKEGENANTWVWE, bLIDEHIREBEAZBZET LIS
EirBe, BRESEOEF VHEMR, K5-10thT, HM & M
DRI BT TH S, LHMArLEDLS, F=I a3 T7DLFFHTOH
EfRR (B6) o228 FHEDO/PIVELIAILTVE L, &
N3 hREEIC, RSRRINBLFHTOIS Y =25 Y FKEKOR
MOER D /NS WV, TRHTRF-AVYaT7TOLFHTORERZHR i
(#6) Zd,. —BRREREREZRLTVEELHECAXEZD. ThiZ, e
F=lb=w va7iigdzha A OEMSILZMRNSHBPFTE 5,

F— V=Y BREB2BCHIATEYD. KCRBAERBROARMY N
F<aEhTWVw3, TEL bDIFINaCLIKZ A, Na, S0, P, HOKS &
NTVWE, COEISBEAVPA#MMELTKICEENEIGE. BEER
DETDSOL A AV RMIAOHBLTVIKRAA YHD ERELT

A ﬂ;uq(\-“ 3 i TR T




S0, 1A~ ERBRITTH B, EBE, 0. MM LoMoBE Tid. -22°C
KﬁDT%%Qm%4t>dmﬁ&%éT%o%LTC@&ﬁU%é®'
ER, ROOHBEL TEHEHIKE > TVWAKZEA A OBERRD T 2,
Licti > Ty RG-6)RB B ETKROPOMOBEERFERICL & &
p, EEBECKOPTHEBELTLIHHEKFEAIA YR b-E08D2 - 120
Thdo LEDP->T, RNG-60)ZEBIcHEELTVWEBHEAZSA A VO
EHE L TCEEZETHLELH S,

F= =Y a 73 FH2.38uMDS0, " A1 A2 8ATHD. 2L T2
MU 135.35uM T & % (Moore et al., 1989, & L . %‘C@SO42"4Z‘
VOKEAF VAN EREALTHSO, 1A Y- TV ETHIE, %
DHRELTEIKBAA VEEIZ2.98MTH 2, COEED» SR
(5-6)% EEE B L TVWAAHHKZEA A oBEH 0B E LTS
EETERDEHIICK B,

On=A + 2.57 [H*"] (2-10)

CORERB. BTELTHRSN-1IRICREINATWVW S, F(2-10) D HEIZ.
R(2-5)ICRENBZ T Y =V TV FKRKEKKOMBMOERICK DAL,
ZLTEFTAUD»SLFHINZ LN, MBLEROEROKE (R 1 & 2
D) ITA%,

R4/ oEHTOF -5 QBB (1x107°2 53x107%(mol/L)) &
KBRK o EBE (K <1.2x10°(mol/L)UT) ORELELEEST 5K
b, ChoDER (4., Ab5) BETLGEME (BR1) LZbDHTR
(—~HFT 2L VWS ENTEE, Chid, D LbHEMEESTKICH
LTiz, BEEEA =X L3EROZWTHHATEZ, <1 70w &




THHEFE LR EAAOBVIERTH 2, ZLT. A 7 0BBT oAy
BOBBICKFE LED>»>EE2B23H 0. :nc;tis%t‘o(iﬁ&'liﬁ@’
kbHTRIESTHS I, HE - ItV Tk, LFRTFR—L=2
37@4t$¥ﬂﬁiﬂ§?§%&'€§65fcbb:\ A 0wl BERBEORKICIE
EoTWVWRWV, CORMEB. KKI7OBEKEBLEEEENL, koMiE
FRVHBEZIRT & WS HHE(Hanmer, 1980) A 5 bEREN B, KO
ERESEERZ. MENACRETIBRBHICRT 2 &L TR
KRELTwFAD 50 (Moore et al., In Press). LA LA S,
oMM 70 EmELFROBREEERB—HKLTW 3,

5. 5.1 A7 uo0lwEtLFHTOFTEEHDD —H

HEic. MABGATKOCA /OB TOREBIEL . MEAL R ,
RKOL FETORBRUARBLCE %, RBOYBLEZE AL BA. ;
PN A OB THLF S TOABOBRESE AR T, 2 L.

Y R ke

TOBXZEE R, BAKOPTHEME LT=E=XKNAohIcHEHE LEX .
EHOHWE L HE-TVWBLETZ2EFAOSOFBEMERL —K LU 12, 5
MHEMBIc > W TRYA 7 oBBE L FHTORBRI 51 T2 !
TWREBVWOTHBEHICRESRL, BERL, ThoZ2EL K= %

o

RvaTIE. ALFH L EMIE oD TH B, LML, BBHKEKa 7
DEAICBVWHEINZIBEAEOBOE -2 13, KILBHYICE D ERK
S bDTHAhD, FITIRMEBIPRDLDXEMNBILENR ST TH S,

S gt e AT
= 1!).- TR

8.5, 2 A/ uEHELLFRTOFERUERINIzZF TS TR E
50




RMONREZAILGAE, TR A JuoBEEcbLFSTHRED

EREBEEERTLVIFEIEKRT 20, COFBEUIATZ0
HOE BB THANHzTH IS S TR T BE VWS &ETH 2, NHz S
g KRPKRFEOD I V423 -4y V7 v rhfinbhsElkKs
THb0 LIED->T, BHKKI7TOFERUOLFE o ATE B IL
By V= —ZHVWIEREBEDODF » V) 7V -V a VItHWB I ENT X3
LEILB B, COHRRBEAL, VAT a-H Y UF 4 LS PARBED
V=S8 = TN A 70 BaEBHdREOV - ¥ —FK otk 2 5B
BLWT. KOFBERBECSHEAMPYLE L TOBIG L LTVWEIYES
REL A5G CR. AMRCEIVDAEI NI TGz TORRLBH T
X5 EEERLTVS, LD >T, XKKOFTHROEREZ/IES
ShEZDEEONEFR. BEEUKKTOV—-—F—BOBBEFEI .
AMBICELDAEIN/ITCHz TORRTREBE LA &N TE 5,

ARXEEETE., KAOMBELLY - ¥V —HOBBES K>V Th
L2, /. XBRYXETETE, KKOTWTHOBEEIEI > &
EOBWORHNBE L ZORBIC>VTRLE 5, |

5.6 BEAMYELTOHEOHRIIOWVT
MOHREBINBHUIC, 28U KOBXEEHEIIRAKDOL Fi
TOMEEATLKDOT A 70 EHTOHERRESEBLSE LD ->TW
5, Thilx. #XMoore, Fujita and Wolff (Submitted)iciF L < @ U
bNTWVWE, COKRKEALKDOHEDHEIZME D K&K EEREDE
WP, BERKBBI»OKIPERSNIZEBEREOHEZZRL TV S HOD
tEZOND, k. TORBEIRMEELZOR. BMESGUCKIEXE
O\ F(charge carrier)d. BOBARBHEN IR EZVIKEA A
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Figure 5-1 Arrhenius plit of molar cinductivity against reciprocal temperature. Lines 1-7
are for ice containing strong acids, line 8 is for HF-doped ice, and lines 0-12 are for ice
containing sea salt. Solid lines represent modelsand dashed lines experimental data.
Lines 1,2, and 3 are liquids at grain boundary models, for H2SO4, HCl , and HNO3,
respectively. Line 4 is data at 9.7 GHz on ice containing 2-35 mM acid. Point 5is LF
data on Greenland ice containing 1-10uM H2SO4. Line 6 is LF data for acid impurity
from Dolleman Islandusing eq 5-5, and line 7 is Dolleman Island acidity corrected for
sulphate hydrogenation. Line 8 is LF data on HF doped ice(0-50uM). Line 9 is a liquid
at grain boundaries model for NaCl. Line 10 is 10GHz data on an ice sample containing
193 uM NaCl. Line 11 is 10 GHz data on ice containing 110-75 mM NaCl. Line 12 is

LF data for ssCl from Dolleman Island.
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KOFBERME SRKD 2, Kikth T
D 5B L I D 1z ¥R 4

6 6. 1 XEOEE

AETIR. FRXBESEITERABALTEZALKOFERBHTE S VT,
kiEh T OMHzH EGHz R O BRHBEOEREREHZEZR L 2, AZEFjHIL
CHRER EEHEBEHICODVT@wWL S, . RIFBBEREHELCODVTEHL
e KEPFOBHMEDODLEHEEIZ,. 3H LZ169n/usecTH B2, T D
EERKEKEEO LR £3£120.023n/psec®COEATRD $ %5, KB
ROFBERICRPEIFWLCRLALIIC—HEHBOFTER I HUIS 52 &
Po. EREBERIEBBEDO LD ODOEENZ PLEKOKHECH OB K I
CTim/psecZ L L 5 %, KEERIC—HMEHROFIERAUELND 52 &V
YL R KEERBOLOEFBERT VY ILLEFLRAUEZLLOILEE
RLTWw3, COBFERIF, KEAPE2ER T2 BHEORKIKER I OF
BETF VNI TREINTVEILEZEKRLTWVS,

Fa4E, FHEHRRLELLIKR. KZHEROFTERHRI. TV EH
TAMOEE ICHA L TAELEILT S, LEX-T. B2a8 9T 5K




PDRTRMKDOPEID bFLVERBORBREIET 3., BRIKEO KK~
DBERSZ . KRAZFVEREEKHOBEKE LTERL - 2. BE T
SEREb-> M AKRBERIZ. BHKEKOS VA za -y o574 v
e W BMHz 77 | AI%EJ—ERSIﬁ*‘%ﬁL’CL\é’SﬁE’ﬁDl/"‘y—f)*‘);ﬁ
WTWA1.275GHz, E-ERSIO GOV — 5 -2 HWTW 35.3GHz T
» 5o
nE. AELCIELR T 2HAEIX. @WXFujita and Mae(In Press(2) .

In Press(3)) ICH®E L TV 3,

6. 2 IERERE

6. 2. 1 FEEITULEEOYR

BERe' T O OBEURPTOBHEOCERERRIROL > BATEI L
%o

Vo=

£
ve© (6-1)

CCTCCREZERTOBRIBEOEEBREE ThH b, ¢'ld. KOKEHECHO
Hhi. BF. ThicA#MYEEICKET %2, Bl1EIKCRLILED T,

Evans(1965) iZMHzH LGHzH TRRAE I NT WV Ee' DR EA LR
MT=007p g It AT N B EAHLAIRLT VS, 5, AMES
SETR. KEEROFERN N —HXIBORTHEZ DI LZH S I
LT&h, bbb, KOKBCHICEGN Pz REITIIMT LGS
DHEBE e, Zhic, BB M LERFIEHG 2 BEOFEELR
ThWZThUTo LI BATERYE 5,
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Ejc = 3- 189 (£0.006) + 0.00092 (x0.00007) T,

(6-2)

£ = 3.152 (20.003) + 0.00086 (+0.00005) T, (5=3)

CCTT R CTERLIEBETHS, ChEhFBR S5 HA= ¢ -cLcit

Ae = 0.037 (x0.007) + 0.00006 (+0.00009) T, (6-4)

ThAIlEERLTE R(-DED . ADEEKEFEHRISKBOR
E@HBCREHETE IR ENI VW EL Do TWVWE, F3HFETIF. R
-HDICRINEZEAPHF, VHF, ZLTRAZ70EE TR IO
EERELTZ, bLAKZ2FHFNBYHELEALTEA, ¢+HhbE, £

KEPOBCHMAMAHATLRICIT VI LTHEI5H. TOFERI.,

(6-5)

cxRI N B,

Evans(1965) 2N L DK DODBERFEBRDOV E 2 - ITH W T,

Robin et al. (1969) ik ki&krh T B O = W vig 169 =2 (m/psec)
DEEFERDIT e CITAWMRAI»SCBONILFERDOMETH 3K

(6-2)y (6-3). (6-5)Z2 K (6-DICKRALKLEE. KEKFTOEBEK KR
REFIIR-1DLHICEB, Mo-11d. KEPFTOBHMEB Oz BEE
k. BB L Z169n/psecTH B0, COFEERKE@ME O L7 & K

0.023n/usec®COEATHRDTAILAERLTV 5, KB ROFER
- RO FBR A UL SEENL CRERIEHRKEO S DEY
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Ry PIVEKDHECHODOAEITIEL Tln/psecZAILL 5 2,

6. 2. 2 HEOYRE
AwXHE1ETHN/AE S ICFujita et al. (1991)ide 230k D B B p
CRET BT EERODIE LTV S, TRIEDE. ¢ Oplc T 3%

ft
de'

e

%(dp)ci . 9.7GHz T D pA%600 (kg/nd) TORIE I & 1.

(d_s_) =3.08 x 103 [m3kg!]

dp (6-T)
| e \
f'&sao e L \PlorERKcEY B2,
%Emmf\vm*@%ﬁ@%ﬁébf
y = ¢ - |
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KRAXEA4ETR, KLBEFh 3O BEN1x10 3 (nol/L)TH 3 &
SR O Bl OO EELZILERHLIIMLTVWSE, TOH
X3, KOpHA 3 LD b AZVHAICR:DS T2 EBIEHETEZSE
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KOBBEmP—HMNHUOFERI A2 b oL VI HREF, BEERD
ELARTEIZHRBOBTERT VYV VNICHERELTEAEIEL 32
LEAERLTWVSE, RARALFETIKBIRTBHEETH 2. BiES
DHDEECHMDALMR (77 TV vy o35 —2) NEHWNTH B
LBOTHT, BEALDEAE. TOKKILZG TELEOREEBEYE
BREBRECKGUALRTEZL-TVWE, 2o K(6-2). (6-3)

LB L OBHEROBFTEREI NI ZEEOFER T VY VI RMX
-

Hargreaves(1978) & . XZHEHD 77 7V v I RXRFI =D 5 FOD
RIOMEBFRBRT VYN EFETLSFELZ R L, HiE. Polder
and Santen(1946) DB LI-FEREGHKEREZ. FER /T Z LOF
BEROEGHRICHMH T2 LCED, ROLIBKXER/L, T4 bBL,
Zhm D bOFSEERT VILE,

8'22 fj g
i=1

(6-9)

T&%oupffﬁuﬁﬁ®&mh#§¥a®$f£®5%%ﬁ$\§
e DRI BEHOKBK D b OBFERT VYV IVTH B, R(6-9)R. &
BT 22 EBORBIABRHRIEOERICEXT/HNEVD . 4 O &K D
bOBRBEEIOBFDICAEVEVLWIREDD LITRO LD, —H D&
HOLb>FBRF vV be g CHIZEMO—DELTLELE
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S'J.c 0 0
EP{ 0 €'lc 0
0 0 €' (6-10)

LB, R(6-9). (6-10)2HWVWHIE, ZREEOHICETVTERBEL D
SBENI MIVIKEFTRSZIERT VYV IVOBRNA2FETE 2, 22T,
BHORRN OB CHEBEN7 PO TAREZ, LT 2515,
FERT VY ILIF

N
g':Slc + 2 fjAe’ cost
J=1 (6-11)

b, CCTNRIZHBOPRITEET IA2ERNOBTH S, XNOBM
kDI HIT, TRTOEBHNDO b ODEBERREIUTHS EEURT 5 &

a‘:s'lc+ Ae' D, CB=1-2.3

N
I -IETZ cos);
i=1 (6—13)

B, CIT D RFBRF VYN KOFER A B ENK G
FHELTVEDLEVWSBEEA2RT 77279 —TdH0. 02051002
E%

Hargreaves(1977) id. —#ixHH OEEIBEERICTFHEL A T 3
&, Maxwel | FER R Z0OMAZMPos 32 fHTLLFHELEV
CER L, $HBbL, 20BREOHTREB R PLidd 22 H5HOD
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FLULDFELRTV, bL. EREEIP IO LS BB EIc AT 2184
ABEOEBS BEERPTHINZIO20BBERZ FULESIZH N
5, T LTS COXDB2HMER, BROIEET 2 Kl & ko %=
R7TY YV IVT—HWICRE 2, AFRRATRIOD220BBENY b UK
ROLOHMHBE—THEI2N., COD22oDH>EERZ Lok =313
BRB1.D. BRPEZEBHEIEITT ST, EVOMEERR A X
(BBo COEINEMPBRMOHBUOZERIIEAZE X, Zhi3B0E
BERB B 2HMICHINIBEE2ZNZENIE R B (ordinary wave) . &
#H(extraordinary wave) EFEA TW 3,
—RICBHKEKPOZRERDO L DT 7 7V v I35 — L 3 —8 WO
RABZFRF->TWVEILENLZWV, TN 5I1FBudd(1975) 18 &2t L M)
REINTWVWBE, Licd->T, BHIKKOPTH, 2L OEAE. kKOESE ;
BTV IV —HWEHBORAHEE O EICB 3, 0k S5 BERFE
BHTR LERBREEICBHEORERBIFERT vy Vit > TH
ESNB Lt E, ZEBOEBOKEKKD b D7 7 7Y v 2,88 — >

ELENDSHBELAD HIOHEB8HITRS NG, 8 HICRT Al !
BOFRBEHTRAESNRALKOFERT VY ALTHE0, ZOFIcHL E
TOKOFBET > Y L — WA HORAEE b, = h b BT 5 Bk ;
THE T ENREN D, ¢
BE, —HH B O MR & DT O BRI OEEIc> L Tid i
Hargreaves (197T) ICFHMICHR L ST W 3,
6, 4 mw i
6, 4, 1 BMEALKOTTO BB O -

Bk coBRME O BT . ABEE(tand) b 2LV R kK h ToEE ;




CHEO)ICLIOVREEING, BEREOHENLAHBRE DL/ elc 75 % IE
gD CEABBRILFUF, ROLITEHT 3,

M
e AT (6-14)

CCTWARBRBRZERTOBBMBOBETSH 5, K (6-14) TR, ¢ 21313
EHEARESLILEDS, ECHBEHIEtandBERIEZEREL TW
HhlEDDOLMN B,

MR A7 0w TGHz TKOFERB IS AL 2EEBITODVTRE
AETFHMICHLNMTLTEL, §8b bR (4-6)& 0,

and(C,T ) = tand'pure(T) + (T )C (6-15)

LRI, COBDOT, EDCHBOYRELE L TDtand DM AN 2K L
TW3, (3. BPE2VIRKEAAVORBELEETH 5, R (6-15)
REOBEN1x107° A 53x10 *(nol /L) O FH D & &, % L T iR &Y
N-2.5°CHHh 5-32.5°CO L EZBMATE %, R(6-15) 1. EME - BRFRR - 1Y
RESGOCKIIH LTHATE S, SR ZNZTNhOBMTIIEEMICI
BOBMOSTFIE 1BOKIKAA L 2REET 2L EUTES DT, K(6-
INRBKFEA A VEEBEREBDIZHVWTRO LT b I N %,

and(C,T ) = tand'pure(T ) + g(7')10PH (6-16)

PESBOENMAERE» S+ BN ZAERIICEY T, BE&ERAE
PEXIEHE>LFEHRRIRN(Q-O)EABFCUTO LS BBK TR T
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0, = Eo €27 f tand (6-17)

s EEHRTOFEREZEZELTV S, RN(6-16) E(6-1T) L . kM
BEEETA LI LP2BIAEEEHOMARBER. KXk S5 Itk 3,

0w=€o €20 f g(T)10PH (6-18)

BEEICAHARALEI I, AMETO. 9.71GHzIc B F 2 AIEM/IcZ R
FHVWT. A1 ENLKOPITEFNTVWEIBAICHRELELEZDES
CEE DO AKE(nolar conductivity) 3 7V =9 X B D EE M EE

seo(- )

(6-19)
#RE L T-5.0°CH 5-30. 0°CD [ @ &3 P T 0o AVexp (10. 3) [Sm 'mol 1]
ThHh ., EHN18.8[k]/mollTH» 72,
FOHEDOERIS, N(6-18) THRINLZEBEXKEHEE . 9.76GHz 2 5
LFRnETORBBHICEBATE 2, X(6-18) & K (6-19) % K (6-16)
RRATHIEROAPB S 3,

E
OEXp| -
°4RHLWH

€0 27f (6-20)

and = tanapure( Tx) +

R(6-20) 2K (6-14) Dtandic AT hiE. BERBEOKOT DB B FE

e S T 2 S N s T e e

A



x43pHO B ELTH A LENTE S,

6. 4. 2 BEBEERIODFHERKRE

RB-200 B BESIAZHET A IR0 DEANETH 2, B
| BETHRRT &L HI1C, #MiKDtandD Al E Ml MUz % TIE B 12/D 15 <
$h A 70 BEFETCRACEKREOWAEBEROE S>EAKE VW, KET
BEIBRCRLIZBEOHAAMOIIS BLEBEL>2MEELT
fatzler and Wegmuller (1987T)DEZ5IHT 2, COREMHIZ< 1 2
pEHR TRONICLOEN, MzH CABLAEREBEONIZE DL D
HEE E bR ARIONEEOREHMT KT 3, Lidr->-T. Th%ER
(6-20) O @mdpure(T) & L, 30MHzA S10GHz DI T O BRI O K~ DB 5
R ZzpHOBHE LT BLL, FRICBVT., BERBEOREIZIFAEE
RLE->-TOHEIZEREL. KEHIECERTIBRERIZEL TV
BV, CORBEKERIE. S+ Ta— 4 VT4 Y ZICH W A MEz
DRI E & J-ERSIPE-ERSIB MO AWM O LV — % —(LL FSAR & 32 4)
DHERALTWVWBEZh ZEN1.2756Hz95.3GHz2 BATWVWS, X6-2ic i3-
BCTOBBFES, K6-3IC3-5°CTOBRBEXERL 72,

JOMHz 2~ 5#9600MHz £ Tl . BB HFE IR BT —ETH 54, 1GHz % i
ABEZNBHABEHOMRKEXCEBICBL T 2, COoRBREDIIE.
lHz% CA B EFBHRVERAEBRICH 2 LB BT OHETICA
DHARKLEBDE205TH 5, K(6-2), (6-3)3t, pHA/NE L 83 &
REBESBAKEZCBLTEILEE2TRT, A 7 0B TOBRBEINE
BEICKET 2. -15°CTORBESIZI-ERSIDSARD DHICIE L T
0o SH1IMmDETH 2D I1I% L TE-ERSIDSARD Z 1 id €\ ¥ W\W40m
15200 THB. /. pHORBREAEMEE NIV, ThdDOHFE




i ALCEKEAOV - —-Tb, AEHOMBICLIVEAL VL IER
DESDPRKECERILEEZERLTVL S, M(6-2). (6-3)%2 HEKT 3
LLHO D BBRSBKUOBEORDEL M AT Z I EN DA S,
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DL BRBBEZKDL - TVWEIEAE, BEEIRMKEL DI ZHIC
NEW, Kamiyama et al. (1989)id. WS Y — > 5 v K15 & O B
BOERPKOpHEFAAE L /oo THICEINIE, EERKIKICHE W T, NEEH
BEMBEMB TOEEEE LTOpHIR ZN EFN5.14L6.18TH 2, &
e 7V =S VFKIKTODZENIR., 5.27TTH 3, R(6-2), (6-3)ic
WO DPHITXNT ERBBEIZZNENR LN, Thick)KiE~AD
BHEOBBEIRZOHBBOPHIC L > TAEZL EBZ LD 3,
BB, J-ERSIE-ERSIEMOSARD 5DV —F —HOBBEXIZ. pi&

EEOBME LTRE-1CRLTS 3. :
6. 5 Atk 0RE ;
KB TR, MEz % ECHz % TOK M TOBMMO Gl L. WA :
thic, BEROVTH U, AEERAZLHLD —HBLTH S :
BOC LR, CHOORMBE THKOFBRATMAKAL LT o ?
NCETHB. CHIRDVTH, SKETEONS Y E— heY Y vy .
DF— 4 ATE LSRN TEBESICT B DI ARTRE TR S LB ;
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Figure 6-1.The velocity of electromagnetic waves in ice as a function of temperature from

HF to microwave frequency. The velocity depend on the angle between the electric field
vector and the crystal orientation of ice.
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Figure 6-2. Penetration depth of micrawave to large ice mass at frequencies between 1
GHz and 11 GHz at -15 °C. Penetration depth significantly depend on the PH value of
ice.
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Figure 6-3. Penetration depth of micrawave to large ice mass at frequencies between 1
GHz and 11 GHz at -5 °C. Penetration depth significantly depend on the PH value of ice.
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TABLE 1: Penetration depth of microwave used by SAR to
the large ice mass as a function of pH value.

pH Penetration depth (m)

1.275 GHz
(J-ERS1, SAR)

-15°C "~ =5°C

pJ 206 120
6 172 103
5 69 46
4 10 7

Greenland Ice Sheet
pH=5.2799 64

Inland Region Antarctica

pH=5.1484 55
Coastal Region Antarctica
pH=6.08177 106

5.3 GHz

(E-ERS1, SAR)
-15°C -5°C

48 32
46 31
33 22
8 6

38 26
36 24
46 3]
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KK HEDOEN & 7 D i
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7.1 XEORE

VA xTa—%"v »F 4 7 (Radio Echo Sounding: RES) iT & b #&
HKKRNHDO IR THWEZEET 256, TOHEHANRE L ZKKAH
REBICoOWVWT, ELVAIBEHE DI LR AURTH 35, X B L=
tTICHOI»ICHE - LKOFERHBICESEZ, TORKENEUHELER
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KRWER S E. KEKREBTZ7 770 v 7735 — RS AICEAL
Lict &, 520V, B T2MOREIENLMLEREL CESKEEE
PEMELAZEERCEINBSZ, ThENORKEICK » THE U %% E 5
R (Power Reflection Coefficient: PRC)ZEBE L ABE K OB &
LT8B&x, ZLTHEB LA, FETRES. KOT77 7Y vy o357 -2
PRKEKOPTKILKEZEGOEEZNICBMESTZKILKEEEZBLVWET
BRILZEZTRT, TLT, ZOXHIBRBEAmMIIAEHPRCEAL B
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EXEEHENLELT A2 EICE>TIEIBPRCIE. KIEKDEE LRES
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FEPEBEVRERE V. —=H. 777V v 85— BT EEic
roTHUBPRCE . BEPHBERICEKELREVL, 225D A H =
ALTHy THICKRAAIBERZPRCAEL 2, AR LELTSEZL 32 &3
KAREBRHORRNEEZ . KKEEHTIERELZML LKW TS 2 2., &
BHTHR. 777V v /X - VORI LBREEEOL{LDOHH TH
5, ENTHLORHELZDOEL SDOFRETHY I > TW 3 it PRC
DRABBKEHEEZARNERI» 23T TH 3,

TRE YN
—IK K NI I 5 I8 O WF 78 .2 43 —

KKDZ VAT YT UvF4 073, TORTEERPLEI D 282
fOICI0MHZ 2 SR 100MHz D A OB B A2 A W TITHE b 3 (Robin
et al., 1969, Bogorodsky et al., 1985), VL — ¥ —F o K& Iz, X
KEER T 2 KOBMOMTHER BE (cr=e-ie) BT 52 &Ik -

TRZ 3. KIKWBRHBE LIE LEBNS h, BES CILERETESR %
AB S EEEME LTV AP A=K LNEBINTEr, 24 i
b, 1) BWEZL. 2) KEKhOMOBELZIL. Zhic, 3) 757 |
Jw o5 — L DEATH 3,
Paren and Robin(1975) i3 1500mE L 0 EBICH VW T3, NP G »
FEZMCHRETE B L 2R L, KEKOEHEL Tl B 7 140 7

BOHICTARAV UXRPHABBEEBRELNOLEETLIE. Zhi
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BBEZEARLE, LOLBAEL, COLIBERFAFESEITHEED 2




Ay FIRAPRBRKEKEIEART AN AREICEBILINZ -0, EE
SEETIATRFEBRIDOA A LTRBPFTEHE L,

Hillar (1981 X REHIREE DS bW oo rx@BEICEI - 72 K1l

BREOBEHY A EUCEFBORIE—KT B LE2RLI, T /.

fammer (1980 X KL AP —EBE I 32E. BBRICEL-7-ZEIcS T h

PBOBOLBAKEBEHECDODIL>THEARTEIEERLE, TS DHE
Do KOBMEEE T A3 LR E-TEIIEBESEHETOELL.. EE
BLEETIHNBRHEBOFRRTRE VWA EZEZIONZ L DI - 7,
KKOHPT 7 77 v 7 BRI LEECREETIORBLAOAILEE
TH5, Harrison(l97D) I AKX HBEBOFE R FERO—>237 7 7Y

gy IRy =V DEATHEEEB L, LALEBEOHRBRKRERZOSEE
RABELPHSOTR B ITXFINT I Uo7, LI L. B
XESET, FHRBKOFER A (Ae'=¢€lc-¢'c) £°0.037(*0.007) T &
ALEEZWBLOLTHLMAC LI, COMBER. 777V v o239 —20DF
kAL Z2RNBREEEIFTICB+RICKERMBTH 3,
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aHE LTHRTZ, CORR, EE50A WXL bHBRHBOE
ERFERTH 20, ZOLEOAXENTH 22 R KEOREPHV 3
BREBIC X TRUETBIEEZRHLMITT 5,

1L BN DTN IR ORELR 5K

7. 3. 1 RHEKRHODOFHE
EHBEAEHEILHEE2OBOVFPEHROBEARACHE1IOM»S FHEIC
AT 2 LE.PRCBRRATEALSN 3B,

- ZI'Z2I2
RC = | =———=
¥ lZI+Z2 (7-1)

CITUERFNFNREBBL1E2ONMVI A4V E—-—F U RTH2, b
LAV E—F VZAOBDPEEZBROER M OLE L, e 1z
skl 5& Lkt e .  PRCBEZEARDODEDICEZ 3L A (Paren, 1981),

—|0¢g'
R 48'[2 (7-2)

KOFBEBEZALICHEIPRCE 77 7Y v 7 OEALICH SPRCIE A (T-2) = H
WCTiITRbh 3, . bLAVE—F U XOEAPERFTHEHRDOZEA.
and —>tand+A(tand) | it p A REE T B E LkcE FPRCERRD LI ITE X
bh % (Paren, 1981),
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KeSHETIMOBENEILO SPRCEHE T 2 & 213X (1-3)% H
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tHODICL T&Ele, ¢ bbb, KOKRBCHICEE RS b LE TiTic
PIEBADOFEBReE, Thic, BEXRI M ETRFTCHAGLBEEDH
e E 2N ZFNUTOLS KR THE Y 7,

() =3.189 (£0.006) + 0.00092 (20.00007) T (7-4)
1o = 3.152 (20.003) + 0.00086 (+0.00005) T (7-5)

LTI CTHLAEBETH2, ChEhBEBR5HA=¢g et

Ae' = 0.037 (£0.007) + 0.00006 (£0.00009) T, (7-6)

THr I EZ2RLTEL, RGB-DED. ADBERBEFHRSKEOR
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EERELT X 2,
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kBB EERLT &R, CCTVDRBFERT VY VCKDOEERA
MAe' DN ENRFFELTVELEVWIEBEA2ERT 7729 —THb. 0
POIORDMEZEE 5,

bLBBEOKHL 77 7Y v 738 -V oEICE-TET 3 & %,
PRCIZAe' ED. Z FHHWVWTHR(T-2)) D KRD LD I 3B,

Ae'dD, r

PRC=| =52
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(a) (c) CLEAN LAYER

Figure 7-1 (a) Cross-polarized vertical thin section of ice collected from surface of the ice
sheet at bare ice area near the Sgr Rondane Mountains in East Antarctica. Upper half of
ice contains volcanic ash and lower half is ash free ice.

(b) Ice fabric of the layer which contains volcanic ash. Spatial orientation of each c-axis
is projected to the lower hemisphere of the Shmidt's equal-area net as a dot.
Geographical north and south of the sampling site is denoted by "N" and "S",
respectively. Dashed lines show the disposition of cracks found in the ice sample.

(c) Ice fabric of the clean layer.
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Figure 7-2 D, in the ice layer which contains volcanic ash (solid line) and adjacent clean

layer (dashed line) calculated from ice fabric data shown in Fig. 1 using eq. 11. The

ordinate is the geographical orientation of electric field vector of considered incident wave

used for calculation. D, depends on the angle between electric field vector and ice fabric

pattern.
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Figure 7-3 PRC at the boundary between the layer which contains volcanic ash and and
the adjacent clean layer shown in Fig. 1. PRC was calculated using eq. 12 and D, shown
in Fig. 2. For such a boundary, the reflectivity should strongly depend upon the direction
of polarization of incident wave used for RES.

:'vj
=
L
i
G,
i
14
K
Bt
i

S e
R SR R

PR




molar conductivity (S m™ mol™)

e

3.7 378 3T9 4f0 4?1
temperature (x1000 K™

Figure 7-4 Molar conductivity of acid-doped ice against reciprocal temperature calculated
using eq. 15 from loss tangent of acid-doped ice measured by Fujita et al. [Submitted] at
9.7 GHz.
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Figure 7-5 PRC due to change in ice fabric (dashed lines) and PRC due to conductivity

change in ice against frequency.
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Figure 7-6 Conductivity contrast against temperature when concentration of acid in ice

changes suddenly by 25 [umol/L] at a boundary. We assume that 25 [umol/L] is the

upper limit of contrast in acid concentration in ice sheets. conductivity was calculated
using eq. 16. It decreases with decreasing temperature. Since E and g, in eq. 16 are

based on the measurement at temperatures above - 30 °C, conductivity at temperatures
below - 30 °C (dashed line) is extrapolated value.
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Figure 8-1. Location map of Mizuho Station.
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Figure 8-2. (a) Internal echoes at 16 different antenna azimuths observed by Y oshida et
al. (1987) from A-scope data. Echo strength above the average level of the 16 data sets
are painted dark. (b) R and T represent the two parallel antennae, receiving and
transmitting aerials, respectively. The flow line (Nishio et al., 1987) and the axes of the

principal strain (Naruse and Shimizu, 1978) is also shown.
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Figure 8-4. Typical ice fabric found in the 700 m Mizuho core. The c-axes of crystal
grains were concentrated nearly in the vertical plane (x-z plane) normal to the flow

direction (y-axis) of the ice sheet.
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Figure 8-5. Contribution of the dielectric anisotropy to each component of the dielectric
permittivity tensor calculated from ice fabric data of the 700 m Mizuho core. Da is defined

in egs. 7 and 8. Calculation of Da was carried out along the following three axes: the
axis along the flow line (y-axis), the axis along the transverse direction (x-axis) and the

axis along the vertical (z-axis).
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Figure 8-6. E2 as a function of o and ¢ calculated with eq. 11. The return signal

strength, E,2, is shown as the normalized value. When the transmitting and the receiving

antennae were oriented parallel to the x-axis or perpendicular to the x-axis, the calculated
value become the strongest. ¢ is the phase difference between the ordinary and the

extraordinary wave. E = Ey is assumed in the calculations. The peaks at a=0° and 90°
represent E2 the peaks at a=90° and 270° represent Eyz.
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Figure 9-1 Map of the ice sheet in the regions of the Sgr Rondane Mountains, redrawn
from a 1:2.500.000 map (East Queen Maud Land - Enderby Land) edited by National
Institute of Polar Research, Japan, in 1988. Ice samples were collected from bare ice
surfaces at sites denoted by E1, E2, E3 and EA4, east of the mountains and at the sites
denoted by N1, N2 and N3, north of the mountains. Schematic flow lines are drawn

perpendicular to the contour lines.
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Figure 9-2 The fabric patterns and disposition of cracks in the ice surface at sites E1 (3
depths), E2, E3 and EA4, projected to the lower hemisphere of the Schmidt equal area
projection. In the diagram, the orientations of the c-axes are projected as dots, and the
disposition of cracks are projected as dashed curves. The center of the diagram represents
the vertical direction. "M" denotes the direction of maximum surface slope surveyed near
the sampling site. "N" and "S" denote geographical north and south respectively. "d" is
the depth of the sample. Short arrows denote the side where the nearest nunatak is.
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R-— DIRECTION OF THE NUNATAK

Figure 9-3 The fabric patterns and disposition of cracks in the ice surface at sites N1, N2

and N3. The arrows with "R" denote the direction of nunatak "Romnoesfjellet". The

distance from the sampling sites N1, N2 and N3 to the nunatak are 7.5, 4.5,and 1.5 km, .,
respectively.




Figure 9-4 The principal axis of the cumulative simple shear strain deduced from the
fabric data for sites E1 and N3.
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Figure 9-5 The confi guration of surface strain d
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BEEE1IMIZTHE T 5, FTEREHIE 500%500,

100
300
400

i—;.dmég‘fﬁj-éo

HEMXEE5X17:2&%DA, BOEEKD 5,

COMPLEX R(500,500),2(500,500),RR,ZS1,Z2S2,ZSX
COMPLEX SOLU1
INTEGER K, KX
REAL JI,KY,ANGO,TEM(80),TT,TTB
REAL B,P(80),D,L(80),K1,SOL1,ANG
REAL PAI,RX,ANGX, JIX, IX, DEG
REAL PS(80),P1(80),P2(80),G0,TG(80),PS0
REAL TGO,XSTEP,YSTEP
REAL AC,GANR,GAN1,GANZ,GANE
REAL GAM
REAL SUI
INTEGER SEL1,SEL2
ﬂUﬁM&%%@%ﬁﬁﬁ$%*wétb®24v%oEﬁoo
SEL1: #sxd®mE= >\ T (+-1), SELZ: BEEANBEZICOVTH-D
FORMAT (4X,13,1X,11,1X,11)
FORMAT (5X,F7.4,1X,F5.1)
FORMAT (5X.F5.2,1X,F5.2,1X,F7.5,1X,F5.3,1X F6.4)
READ (1,100) KX, SEL1,SELZ
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WRITE (6,%) KX,SEL1,SEL?2

7 — 7 @
READ (1,300) TGO,TT
WRITE (6,%) TGO,TT
EHNEEORAEMLEZTORNEEEE2S5X 5%,
READ (1,300) PSO,TTB
WRITE (6,%) PSO,TTB
HEGORMEMEZTOREBELEE X %,
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READ (1,400) JI,ANG,RX,XSTEP,YSTEP
WRITE (6,%) JI,ANG,RX,XSTEP,YSTEP
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DO 200 K=1,KX
SOL1=10
READ (1,50) P1(K),P2(K),P(K),L(K),TEM(K)
WRITE (6,%) P1(K),P2(K),P(K),L(K),TEM(K)
fil., 2. pl, AR, BE

FORMAT (5X,F6.3,1X,F6.3,1X,F4.1,1X,F5.3,1X,F5.1)
EAABL T+ —y b HEDATR ZOETHARAL,
223 4cnl FTH B EARRICTS(°90.8.6 and 7.3 "91.7/4)

G0=1.0
C:REBTHNHEIETLI, ZEROMBELL (8/1)(¢=0.742 7 :790.8
DIF8fFFOo&EMIZ /) — F'90.7.3% R &, ! 1!
PAI=3.141593
TG (K)=TGO%(-1.04E-3%TEM(K)+54.437)/(-1.04E-3%TT+54.437)
PS(K)=(PSO+43)%(-1.04E-3%TEM(K)+54.437)/(-1.04E-3%TTB+54.437)-43
HRNEEERETOBERELZIT>7 (CIL.T/4DERITESC)
PS(K) @ B #E {2 130.0375.
B=2%PAI/TG (K)
L(K)=(140.00005%TEM(K) )L (K)
B:RIMEHM (BARBE XD RE)
IF (PS(K)-P1(K).LT.GOXTG(K)-L(K)) THEN

d=GO%TG (K)-L (K)-(PS(K)-P1(K))

ELSE
d=GOXTG (K)-L (K)+ (P2 (K)-PS(K))
END IF
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GANM=(P(K)-1)/(P(K)+1)
GAN1=(84.436+0.76%SEL1-(0.0448+0.006%SEL2)%TEM(K)-1)

GAN2=(84.436+0.76%SEL1-(0.0448+0.006%SEL2)XTEM(K)+1)
GANE=GAN1/GAN2

BASED ON °91.6.28 DATA
GANR=GANM/GANE
P(K)=(1+GANR)/(1-GANR)
WRITE (6,%) P(K)

C  %kkk*GANR: AR XA R HAEEHE PE): HE®o

ZS1=CMPLX(COS (B%d) ,-P(k)*SIN(B*d))
ZS2=CMPLX(SIN(B%d) ,P (K) *COS(B*d))
ZSX=ZS1/(ZS2%xB%1(K))

Cxkkpo ORMBERMIER T, KBXOAIZHHKT,

C

Ckxxxx )L — 7 1 8] H

20

IF (K.EQ.1) THEN

EBZERERR.

DEG=180- (ATAN(AIMAG(ZSX)/REAL (ZSX))%*180/PAI)
IX=SQRT ((REAL (ZSX) ) %2+ (AIMAG (ZSX) ) *%x2)
WRITE (6,%) IX,DEG

ANGO=ANG

DO 10 I=1,500

DO 20 J=1,500
KY=ANGX2%PAI/360
R(I,J)=CMPLX (JI%COS(KY),JI*SIN(KY))
ANG=ANG+YSTEP

CONTINUE

JI=JI+XSTEP

ANG=ANGO

10 CONTINUE

C

. AR ET2RTENEERL o
CMhIOEERZIEZTARET 5,
END IF

CV—72RHUBRBEEI OFRICIIWV S,

DO 30 I=1,500

DO 40 J=1,500
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RR=R(I,1J)
Z(1,J)=(CEXP(RR)-CEXP(-RR))/(CEXP(RR)+CEXP (-RR) ) /RR
TANH®DK,
K1=SQRT ((REAL (ZSX) -REAL (Z(1,J)))%%2+ (AIMAG (ZSX) -AIMAG (Z(1.])))%%2)
m/AMER T ERE
IF (K1.LT.SOL1) THEN
SOL1=K1
SOLU1=R(I,J)
END IF
40 CONTINUE
30 CONTINUE
g A s Y
ANGX=ATAN(AIMAG (SOLU1) /REAL (SOLU1))%360/(2%PAI)
JIX=SQRT ((REAL (SOLU1) ) %%2+ (AIMAG (SOLU1) ) %%2)
WRITE (6,70) JIX,ANGX,SOL1,TEM(K)
70 FORMAT (5X,F6.3,1X,F6.3,1X,E10.3,1X,F5.1)
200 CONTINUE
STOP
END
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g
2700
4.2100 -12.0
11.444 0.0
9.80 89.86 0.00015 0.001 0.0002
10.080 12.185 44.53.011 -34.0
10.075 12.175 43.0 3.011 -29.9
10.068 12.170 44.0 3.011 -27.5
10.062 12.165 44.5 3.011 -24.5
10.055 12.162 45.0 3.011 -22.5
10.053 12.160 45.0 3.011 -19.9
10.048 12.15545.03.011 -17.4
10.042 12.149 45.0 3.011 -14.8
10.040 12.145 45.03.011 -12.5
10.035 12.138 45.6 3.011 -10.0
10.025 12.135 45.7 3.011 -7.4
10.020 12.130 47.0 3.011 -5.1
10.015 12.123 49.0 3.011 -2.6

MENII6,7
NO4-WAVEGUIIDE
1 —3 A6
27 0 0
4.21000004 -12.0000000
11.4440002 0.0
9.80000019 89.8600006

0.150000007E-03 0.999999931E-03
0.199999995E-03
0.665754676E-01 182.266434

10.013 89.890 0.395E-04 -34.0 2.0
10.030 89.885 0.463E-04 -29.9 2.0
10.037 89.891 0.340E-04 -27.5 2.0
10.043 89.894 0.687E-04 -24.5 2.0
10.047 89.897 0.333E-04 -22.52.0
10.046 89.897 0.255E-04 -19.9 2.0
10.053 89.898 0.616E-04 -17.4 2.0
10.063 89.900 0.765E-05 -14.8 2.0
10.068 89.900 0.294E-05 -12.5 2.0
10.080 89.904 0.949E-05 -10.0 2.0
10.082 89.905 0.195E-05 -7.42.0
10.089 89.912 0.556E-04 -5.1 2.0
10.101 89.921 0.261E-04 -2.6 2.0

B 7 075 LDANH
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F-s¥ 00

lg IgRMERE
DR DR B & & &
TOMREIVIM TONHAREFMM 0.00015 TRRE

freEmmxE
Dtlg D

axrh

TR & fi

VSWR

{7 #H £ 0 8

AR &R

-4;:4

FfE & DMalkE

(107421 F 75 & 7))
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