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HF Radio Wave Absorption in the Nighttime 

Part III. Ray Paths and Absorption of MF and HF Radio 

Waves Incident at the Nighttime Ionosphere 

Noboru WAKA1* 

Abstract: Computations of the ray path and absorption of radio waves 
by means. of the ray-tracing technique are applied to the oblique propagation 
of MF and HF waves passing through model ionospheres in the nighttime 
under different conditions. 

The field intensity deduced from those computed results is discussed in 
comparison with that measured on board the ship of the Japanese Antarctic 
Research Expeditions as already reported in Parts I and II of this paper. 

It is confirmed quantitatively to a certain degree that the ionization in 
the nighttime E region is responsible for the absorption of MF and lower 
HF waves. 
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ray theory ;o;;i@_ffl-c � 6 . 

4'iff�O)�filg1Jf c-=.-=.-ca�r13,�;o;:::tf*ctJ:0iJV�c.-r0) f��vc.:;to1,,1:, Jtfi}�c-0)1[ 
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2. 1. � illlft 
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�jjfilfr:m: 
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3.1. fi�,ffi/m 

�rElJifilfrO)tt�*5*0)�$�ffi--t-:= c vt�IJO)fffuJt (WAKAr, 1971) vc�f lJ , -::. -:: -cvt, 

1. 0, 2. 5 , 5. 0 MHz 0) 3 v::>O) JW]{Bl�vc v::>i,, t O)d,(.�ffii"" G. --z:O):fli!El3vt, 1 MHz -cvt� 

F1c1j E flO)mrW!i)C J: lJ il&�vc��-=£- - F'iJ�ic:ti�hG,�-ett�s"J ··c 0 lJ, 2. 5 c 5. 0 

MHz 0)*5*vtm"ffi�1JlUtJJ:fjjl{ij7'- � c O)J:t®l�fliJ�!g£c'0GiJ" Gc·0G. 

§lj]ffiO) 3 v::>O)mrWoc 7
° 

p 7 -r 1 !vVC fflrEliJ�A:laf Lts:�O)jjfi;a�' JEM{!pj{:J (0° iJ:, G 80° 

i c·� �ffi) � ,..� 5 ;,< � - c Lt, N:laf� c :Lm�ffi1JJI c 0)1*jf*vc:fo1,,, t, � 2 v:::.ffi L ts:. ts: 

t-: L:l=mfJc�fiii c L tft� Lt 0 G O)c·, 0° c·9eAf �:hk ray t �iW!I c 0 G ftJoc�tJ: Lt 

:fa lJ , i ts:m1JJifli:pc-O) ray 0) JBHIB��� Lt N!-L�c-O):Jfrhf;1'Jtc·Jifila�;5:1W. L tft� L 

t 0 Q. :tiJ:��vc�jfl Lt-: N(h) 7
° 

p 7 -r 1 ;t,,�ffi Lt-:. 

:$1:f�2(a)O)fffflm1Jtfl (7
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c'vt {!pfi.J 50° i c·vt E fl, 60° LlJ:vt F fl NM, 2. 5 MHz c·vt 10° i -c- E fl, 20° 

�J:vt F lilzM, 5MHz -ca�$iJ� F lllz�f-=£-- F'vCtJ:Q. i""tib�J:<5;0Ghti,,Q 

J: 5 vc, .lj..x_ Ghtdl*mrWocvcxt Lt, E iJ, G F �O)f��-=c ,,_ J-"O)� lJ m: lJ a, JWJ?lt 

�vcJ: lJ�tJ:GJEM{!Pfi.Ic·�-:: Q. �J.&'.vc{!pftJ�t�i""c:Lm��-vt,J\� < tJ:Q'/J�. {��-=e-

r O)� lJ m: lJ vc� L t:tm�ffi1'0) 0) u Q-:: c iJ�J! Gh Q. 

LiJ, L� 2 (b) ( 7
° 

p 7 71 Iv M) :fa J: u� 2 (c) ( 7
° 

p 7 71 ;l,, D)O) J: 5 vc' r:pf13jfl� 

-fttsm1llflvc m?JtiJ�A:laf L k�VCvt' E JliJ, G F fl IzM�O)� lJ m: lJ O)j£t:p�C' {!pjf:Jvc J: 

"'.) t vti:pFsjJI NMiJ�� C, :L=m�ffi1'0)m:1tvt--t:h-f :hO)�i;-vc:fo1,,, t�tJ: G tlffl� ffi Lt 1,,, 

Q. �2(c) 0) 5MHz VC:foi,'--Cvt, {!pftj 60 ° �J:O)m?Jtvt F ,ll���ttt,rQO)c·�ffiL 
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-:-: --eviN!Mr'@Jt�vtn,G, 10 ° 1a�O){�tM-:i:-- f'O)oc1t�Jm§JH.,kiJ�, ffRJZfi-.t 0 1£k. J/x it  

c� 3 �P-�) t sn-ft-c�lt-t 0 c, n,tJ:: 1J IEutvq�tM-:i:-- roc1tn�Jt9-: 0{rp��tffli13jvc J:: 

IJ *00 0-: c iJ� --e� 0. 

t;g I {filO)mgf.5jm'.ttJivc_tol ,-C, 15ZiciJO){�tM�I& '5 �i5-vC.vi, 5 MHz --evi F Ji-:i:-- F', 

2. 5 MHz vc_tol,-Ct{J£{.Cp�¥e�i-O)�i5-t_H'HiF Ji-:i:-- F'�1l£1EL-C� L"'Jn�x.tJ::l'cO)� 

t.::.iJ�, -: 0)-: c vi� 2 vc. J:: --') -C�{tvt Gn -Cl, 0 cl\ '5 -: c iJ� C' � 0. 

3. 2. ffllUJi®!Jx 

� 3 vc, fflli8l�c ¥e�1{.Cp���x. -CH� Lt.::.rll�i!il£k!DZ_I: Li(dB) ��-.t. �O) (a), (b), 

(c) vi�rBlJi�!�� Lk� 2 [l1Jfffe, -t:-:h-tJL 3 "'JO) 7
° 

i=z 7 71 ;v Q, M, D vcxtr,t-.t 0. �O) 

J:: '.5 vc.[11J�frpft30) Li �*5 Iv -c:·ffl Gn 0 BEr,,SHi, mi8l��ocx. tJ::iJ� G�1Efrp�-c:-1'!ti&:�¥e�1 

Lt.::. c �*-k*O)'�i8ln; 3 vt 01£k.J/xO)oc1t� S Gb L -c"' 0. ff �vest.::.--') -CHJi,S\O)�vi, 

&:,f Lt �O) J:: '5 tdf Gn�tJ:: dtiir,,'Jt�ti'avt" 0 vf t··3'E:5tvc§, < vitJ::l,. Ln, Lf.CD� 90 ° O)�i5-vi 

rwJ!f:i Lt.::. J:: '5 vc. , 0. 5,...__, 5 MHz 0) j13j T*9 30 0) fflli8l�vc. "'J l, -C 1£k.JDZ � HJi Lt.::. 0) c·, 71, tJ:: IJ 

�1itvc.1£k.JDZ�1tdtiirvl�ti'a<-: cn�-c:-� 0. -t:-O)J:!£klDZoc11::0):}(�l,Bz:�1-:i:- - f'O)f$ IJ oc IJ 0) 

ifil:B-vi, �flffi�WffllrBl��H� L -C l±S)r,,,�tm '5 -: c iJ�c-� 0. � Gvc.N�i"r'@JO)'ii¥!i t 1Jf-l* L 

-C� 3 �{t� Lt.::.. 

� 3 (a) vc. "'Jl, -Clm§Ji't 0. {.Cp� 90 ° 0) BEir,,,vi, �Wfflli8l� 520 kHz vcs 0 E fi�{fGO) 

t/ilO)fJlij (ledge) c, 780 kHz vc. S 0 E Ji l::
0 

- ;;1 vc.x;f)t; L -C, -t:-:h-t n'!&J/xitO) 1::
0 

- ;;1 iJ� 

1:. L: -Cl, 0. E Ji��� ttvt-cn, G{S 4 MHz i c·O) j13jO)�?jzlJ&JDZO)�J?-t 0 {fil:5t;1J;, �{!ra 

{�IJ&JDZO)JLi:1tJ.O) w:3'.L-t 0 fiffiit�-c:-s 0. '!&.l/xitviffi1}vc� L t.::.ffR, F /iO)�Wfflli8l�vc.JLt--:5 < 

vc. "'J;h, .b t.::. t-.: cf:f:�1Jf-l-.t 0. S: VrJi�hqi�'!&JDZvct§�-.t 0. {.Cpfi371�1J\ � < tJ:: 0 vc "'J;h, J:: 

JZt O)-{§-�Wfflli8l�vir'@JJWJi8l {1Wvc.f$fi-.t 0 iJ�, '!&lDZoc11::0)tffetElvi*�1¥Jvc.1iiJ Goc IJ vi tc1: l,. 

{'J(vc.@ 3 (b) vc. "'Jl ,-c O)� 0. E m�J\tfWJi8l� 520 kHz�-: x. 0 l �&ii�O)iJUgtvc.A I] , 

'!&.Llxvi�J-''"t 6 h�, i::pf13jfil@;WJWJi8l� 710 kHz c·'!&J/xv:t:f:�1Jf-l'°t 0. Ln, Lq:r j13jfi0) r'@J � c· 

vi, E Ji !::
0 

- ;;1 {tJLtvc.Jt�-Cjs�@J�vi1J\ � l, 0) c·, '!&J/x_l:0):1:�;fJQviJ?tJ::l,. L kiJ� --') -C, 

s i I]*� tJ::92 I] (i=pj13".]fil@;WJWJi8l�c·O)IJ&J/x�jJQ) �7F � -nc. F Ji NMveftHr--t 0. 

@ 3 (c) 0) '!&.l/xoc11:Ji, ::k�l¥]vc.vt� 3 (b) vc {ti. -Cl, 0. LiJ, L, E Ji.to J:: cfi::pj13jfi0)�:}( 

m-=t-woc0)�1�hq111,,, c� 1 ���) O)c·, '!&.Llxitit�tta"Jvc.iJ,tJ:: 1J *�"'· S:0)7
°

P 7 71 
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4. mffi ftlUfiJ'J J:ffi i&:ffl :W-§oc lUJEM* 0) t�tt 

J:�<D 3 ":)O)��B'7JfJ:i?ziajO) N(h) 7° 

r::z 7 7 -1 ;1.,,f:.xt L -C;jtobt::ffl:iEliilm c mMtJl'!ZVl:£0) 

tt•@:J.7�, --t --cv:.� I ��u.J:tf�II$c'0)�t�, TffJffi�atUtJJ:c'alU5E�hkffl:9H�rntO)�Jrn 

f@:� [' 0) �ocm §)'.l --c � Q ir• vc ":) \., \ -c ��--t Q 

jµij�O)Jt��--t 6 t�obvC.vi, 1Z! 2 u .J: U'IZ! 3 ir• G 2. 5 c 5 MHz O)fjf.f@:� c IJ l:fj L -C, 

:tiff�;rne:�tvcxt--t 6 'ftYF-§il!t i t�viffl:1JtJl�l/x0)�1uc�•--t ;s � c iJ��,�c'JI> 0. 

� I $vc:t�i.,-c�J:§ Lt��faffl:J?.5jtlt Er �4-x.6£*5;\vi, 

Eo vi£�mYF-§ioc, Pt vi�famhfUffl, Gta vi�{a7 :/-r:rfljffl, Ld viimlm:Btf��:j:Ji�, 

Li vi �fillll �l/xt§!�, Lg vi::k:ttg&:M:tffii� c' as 6 . 

*f}J:ffl:Jf§itlitalU5Evc .J: I) :fJtj. Gh k Er iJ, G Li �;jtob 6 0) iJ�� I t-Gc'O) § 1¥.Jc'J!> "? t�O) vc}x 

L, ray-tracingf: . .J: IJtt•Lt�Ld c LiiJ,GEr�;jtob, �atU�ht�Er cJ:t��fl-?-60) 

iJ�*liPc'O) § B'7Jc'JS 6. --l-0)�, Eo, Pt, Gta, Lg vi� I $c'�Jtl L td@:�j@Jtl-j-6. 

if Li c Lg �'3'if.4:1.,,���mJF.5j)!t Eu(Eo+Pt+Gta-Ld) O):!:tg�fileMtvcxt--t6�1t 

�. 3 "'J0)7° P 7 7 ,1  J/.,,VC":)\.,,-C-th..fhlZ! 4(a), (b), (c) vc�--t. 2.5MHz vcu1.,,-ca, 
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?Xvc@ 4 c Fifl�t��ffi:1Ji*-e, 11t;JiJi!J&ll:£0)�ft� @ 5 vcffi L k. . @ 5 (a) 0) 2. 5 MHz c· 

a ,  gp'itvc Li 0) yt� 1, ,  E Ji BzMiJ�¥� L -c 1, ,  0 kot>vc ,  WJtt�t.�U§��-r- 0 .  c. :hvclz L 
-c ,  @ 5 (b) c· v:t , fl�iJ� E Jlr3fffivcfxA-t" 0 t.:o.0 CE Jii:w;JF.m1��iJ�1J\ � 1, , f.:o.0) ,  �vt 
Q 1!&11:£ t * � < ' L k.iJ� "? -c '  F )i-=r: - r .J: IJ E ]1-=r: - r 0) Li iJ� * � < t� I) ' �itEl'9VC vi 
R§:;JfHcrc;: L -c-�vc Li iJ�:l:tJ1Jn-t 0 :M� c 0 .  @ 5  (c) O)�itvc v:t , �;JiiJ�{.!£ 1,  ,�!Jtc·:f:�1Jn L 
-c 1, ,  G O)  c· , E Jl-=r: - r O) IJ&ll:£v:t�vcj(� < , F Jl-=r: - r � x. t * � t�l!&ll:£� 5 vt -c 1., , 0 . 

@ 5 0) Ldc L0 �1Jnx.t-:Mi*� ' @ 4 n� G>J<ot>t-: Eu iJ� G� L 5 1 < c ,  �{t11tJi!.si/Jt Er 
iJ�>l<ob G:h 0 . @ 6 vc v:t Eu C '  7

° 

p 7 7 1  Iv Q, M, D vcxJ L-CH� Lt.: Er C �ffi Lk . 
@ 6 0) 7° 

p 7 7 1  Iv Q vc :M--t Q 2. 5 MHz -�O)mJF.5$/Jt��)E L ""( \,  \ Q O) vi, J!&ll:£0) jl  
t� \, ,  E lilz�-jc'cb -:, -c ,  E c F NM:ta .J: ljlzM@J�O) � IJ � IJ O){ffi5tc·5j/JtO) �jlwf:iJ�� 
G:h0 at�vU!ILt�1t L -c 2b 0 O)c· ,  �� vcv:t c. 0) .t 5 t��Jlmvtmnnt� 1, , ) t 0) 0) ,  m: t 
l!&li:£iJ�Yt� < , �R§:;Jftvc� -:, -C \, , 0 .  c C. 6iJ� ,  5MHz c'vi 2.5MHz .J: IJ t sj/Jt0){.!£T 
iJ�* �  1, , .  c. 0) .t 5 tdi1PJ v:t�i;fiij-JJ&ll:£0){1z5EiJ� G v:tw.I�-c- � t� 1, ,  c. c c·cb '? -c ,  M"� Lt.: 
.J: 5 K�·-=r: - f'O)ffl�K .J: IJ � Lkma�cb 0 . 

7
° 

p 7 7 1  Iv M O)�ifvCvi ' 2. 5 MHz c' t F lilz�-j-=r: - F'iJ�:±1* C t� "?  -c Er �#tJE L 
-c 1, , Q O) c· ,  5 MHz .J: IJ IJ&li:£:1: t j(� < ,  vi Vif�f,;fiij-lJ&li:£0):i:8'9M1*�r,ltii)E L-C t, , 0 .  

60 
5.0MHz 

20 

.!: 0 2 4 

·;;; 
� -20 

60 
2.5 MHz 

I 40 

20 

0 

-20 
Ground Range in km 

� 6 JJY 5 c 2. 5MHz 1itrlt7J� 7° P 7 7 1  Jv Q, M, 
D �CAM L tdl�;Jt!H# � .h G �rlcl1rlt0)� ft 11 W. 59i 
[jt, Eu �i1!lf,��Ell:J� 



20 
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c. 0) J: 5 vc , 2. 5 MHz c-u:. ,  t-.: c -*.  F JI Bz:�f-1:" - F'c'0 '? -C t ,  �Uiiiffl-11!k.ll::Z c L -C 12k-*. 
ts:_ 1., ,�,friJ;0 0 .  LiJ· L ,  E JIO):i&:*.rW�iJ· G�-*.-C , 5 MHz vc;t:o1., , ·nt, µ � l  O)� 
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