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[ 4 2 7  ]

X . T h e  E le c t r i c  a n d  M a g n e t ic  S ta te  o f  the  I n te r io r  th

f r o m  T e r r e s tr ia l  M a g n e t ic

B y  S. Ch a pm a n , F.R .S., a n d  A. T . P r i c e , M .S c .

(R ece iv ed  J u ly  30 , 1930— R e a d  N o v e m b e r  6 , 193 0 .)

1. In t r o d u c t i o n .

1 .1 . B y  sp h erica l h a rm o n ic  an a ly s is  i t  is possib le , as w as sh o w n  b y  Ga u s s ,1 to  

d is tin g u ish  b e tw een  th e  p a r ts  of th e  e a r th ’s m a g n e tic  field, a t  a n y  tim e , w h ich  o rig in a te  

re sp ec tiv e ly  w ith in  a n d  ab o v e  th e  e a r th ’s su rface . I n  th is  w ay  Ga u s s  co n firm ed  a n d  

e x te n d e d  Gi l b e r t ’s  conclusion  t h a t  th e  field is a lm o s t e n tire ly  of in te rn a l  o rig in .

1 .2 . S ir Ar t h u r  Sc h u s t e r 2 a p p lie d  th e  m e th o d  to  th e  field  of th e  d a ily  m a g n e tic  v a r ia 

t io n  a t  th e  e a r th ’s su rface , a n d  fo u n d  t h a t  th e  m a jo r  p a r t  is of e x te rn a l  o rig in , b u t  t h a t  

th e re  is  also  a  p a r t  p ro d u c e d  w ith in  th e  e a r th . H e  a t t r ib u te d  th e  la t te r  to  e lec tric  

c u rre n ts  in d u c ed  in  th e  e a r th  b y  th e  o u te r  v a ry in g  field, w h ich  he re g a rd ed  as p rim a ry . 

I n  c o -o p e ra tio n  w ith  P ro f. H . La mb  h e  show ed  t h a t  th e  re la tio n  b e tw een  th e  tw o  p a r ts  

of th e  field  is  c o n s is te n t w ith  th is  h y p o th esis  ; th e  c a lcu la tio n s  re fe rre d  to  c u rre n ts  

in d u c ed  in  a  u n ifo rm ly  co n d u c tin g  sp h ere . T h e y  show ed  t h a t  th e  c o n d u c tin g  sp h ere  

m u s t b e  d is t in c tly  sm aller th a n  th e  e a r th , t h a t  is, i t  is  a n  in n e r core, a n d  n o t  th e  w hole 

e a r th , w h ich  is effective.

1.3. D efin ite  e s tim a te s  b o th  of th e  size a n d  th e  c o n d u c tiv ity  (k ) of th e  core w ere  m ad e  

b y  S. Ch a pm a n .3 T h e  e s tim a te s  of (a) th e  th ic k n e ss  of th e  n o n -co n d u c tin g  shell 

su rro u n d in g  th e  core, a n d  ( b)of «, w ere (a) a b o u t 250 k m ., a n d  (b) 3*6.10~13 C .

u n its . T h is  c o n d u c tiv ity  is s im ila r to  t h a t  of m o is t e a r th , a n d  d is tin c tly  less th a n  t h a t  

of sea w a te r  (4 .10~u ).

1.4. I n  th e se  ca lc u la tio n s  th e  m a g n e tic  p e rm e a b ility  g w as assu m ed  to  be u n ity , 

a n d  th e  in fluence  of th e  oceans, a n d  of th e  w a te r-b ea rin g  s t r a ta  n e a r  th e  e a r th ’s su rface , 

w as ignored . S. Ch a pm a n  a n d  T . T . Wh i t e h e a d 4 show ed  t h a t  th e  p eriod ic  m ag n e tic  

v a r ia tio n s  suffice o n ly  to  in d ic a te  th e  v a lu e  of th e  r a t io  «r/g, a n d  c a n n o t d e te rm in e  

k a n d  [x sep a ra te ly . T h ey  fo u n d  t h a t  th e  in d u c ed  c u rre n ts  a re  scarce ly  affected  b y  a n y  

p ro b ab le  d e p th  of m o is t e a r th , b u t  t h a t  a  c o m p a ra tiv e ly  shallow  ocean ic  shell {e.g., 

h a lf a  m ile  deep) over the whole earth  w ou ld  in d u ce  a  field of in te n s ity  co m p arab le  w ith

1 Ga u s s , “ A llg em ein e  T heorie  der E rd m a g n etism u s,” p . 13.

2 Sc h u s t e r . ‘ P h il . T r a n s .,’ A , v o l.  180 , p . 467 (1 8 8 9 );  w ith  a p p en d ix  b y  La mb .

3 Ch a pm a n , ‘ P h il . T ra n s.,’ A , v o l.  218 , p . 1 (1919).

4 Ch a pma n  an d  Wh i t e h e a d , ‘ Trans. C am b. P h il. S o c .,’ v o l. 22, p . 463  (1922).

V O L . C C X X I X .— A  6 7 9  3  K  [Published December 31, 1930.
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4 2 8 S. CH A PM A N  A N I) A. T . P R IC E  O N  T H E  E L E C T R IC  A N D

t h a t  d u e  to  th e  su p p o se d  c o r e ; th e  a c tu a l  o cean s  a re  lik e ly  to  h a v e  a n  a p p re c ia b le  

e ffect o n  th e  in d u c e d  fie ld , th o u g h  th e i r  ir r e g u la r  a n d  ill-c o n n e c te d  fo rm  re d u c es  th e ir  

in flu en ce .

1.5. Ch a pm a n 5 a n a ly z e d  th e  a v e ra g e  fie ld  of m a g n e tic  s to rm s , a n d  sh o w ed  t h a t  i t  

o r ig in a te s  m a in ly  a b o v e  th e  e a r th , b u t  h a s  a lso  a  m in o r  p a r t  of in te rn a l  o rig in 6 : a s  in  

th e  case  of th e  d a ily  m a g n e tic  v a r ia t io n s , th is  is  n a tu r a l ly  in te rp re te d  a s  in d u c e d  b y  

th e  p r im a ry  o u te r  p a r t  of th e  field . Ch a pm a n  a n d  W h i t e h e a d  cit.)  co n s id e re d  

th e  re la t io n  b e tw e e n  th e  o u te r  a n d  in n e r  p a r ts  of th e  m a in  a x ia lly -sy m m e tr ic a l c o m p o n e n t 

of th e  field , a d o p tin g  th e  h y p o th e s is  of in d u c tio n , in  a  co re  of w h ic h  th e  c o n d u c tiv i ty  

w as  of th e  sam e  o rd e r  (b e tw e en  1 0 -13 a n d  4.1CT13) as  t h a t  in fe r re d  f ro m  th e  d a ily  m a g n e tic  

v a r ia t io n s . T h is  p a r t  of th e i r  c a lc u la tio n s  w as  so m e w h a t ro u g h  a n d  p ro v is io n a l, a n d , 

as  w ill a p p e a r  la te r ,  th e  e ffec tiv e  c o n d u c tiv i ty  w h ic h  w e n o w  in fe r  is  c o n s id e ra b ly  h ig h e r .

1.6. T e r re s tr ia l  m a g n e tic  p h e n o m e n a  c a n  th u s  a ffo rd  in d ic a tio n s  as  to  th e  p ro p e r tie s  

of th e  e a r th ’s in te r io r , w h ic h  c a n  h a r d ly  b e  o b ta in e d  in  a n y  o th e r  w a y . P r o b a b ly  th e  

m o s t in te re s t in g  a n d  im p o r ta n t  g eo p h y s ic a l in fo rm a t io n  d e r iv e d  fro m  th e  m a g n e tic  

d a ta  w ill b e  g a in e d  fro m  th e  m a in  fie ld  a n d  i ts  s e c u la r  v a r ia t io n , w h e n  a t  la s t  i t  b eco m es  

p o ssib le  to  in te r p r e t  th e m  s a tis fa c to r i ly . M ean w h ile  i t  seem s d e s ira b le  to  p ro c e ed  

f u r th e r  w ith  th e  s tu d y  of th e  in d u c tio n  effec ts  a s so c ia te d  w ith  th e  d a ily  m a g n e tic  v a r ia 

t io n s  a n d  m a g n e tic  d i s tu r b a n c e ; th e y  p re s e n t  se v e ra l im p o r ta n t  p ro b le m s  w h ic h  

re q u ire  so lu tio n .

1.7. I n  v iew  of th e  v e ry  la rg e  p a r t  of th e  g lo b e  w h ic h  is  c o v e red  b y  w a te r , i t  is  

d e s ira b le  to  e x a m in e  fu r th e r  th e  e x te n t  to  w h ic h  th e  o cean s  sh ie ld  th e  co re  f ro m  th e  

v a ry in g  o u te r  field . T h is  c a n  b e  d o n e  b y  c o n s id e rin g  o n e  o r m o re  l im ite d  o cean s  of 

s im p le  fo rm , b o u n d e d , s ay , b y  m e r id ia n s  ac ro ss  w h ic h  c u r r e n t  c a n n o t  flow .7

1.8. I t  is  d e s ira b le  a lso  to  m a k e  a  d e ta i le d  e x a m in a tio n  of th e  in d u c e d  p a r t  of th e  

fie ld  of m a g n e tic  s to rm s , to  d e te rm in e  w h e th e r  i t  is  re a l ly  c o n s is te n t  w ith  th e  p ro p e r tie s  

of th e  c o n d u c tin g  co re  as  d e d u c e d  fro m  th e  d a ily  m a g n e tic  v a r ia t io n s . I t  is  h a rd ly  to  

b e  e x p e c te d  t h a t  th is  w ill be  th e  case , b e c a u se  th e  su p p o se d  u n ifo rm ly  c o n d u c tin g  co re  

c a n  o n ly  b e  re g a rd e d  as  a  c o n v e n ie n t m a th e m a tic a l  m o d e l c o n s is te n t  w ith  c e r ta in  

o b se rv e d  fa c ts  ; i t  m a y  suffice, w ith  c e r ta in  v a lu e s  of k  a n d  th e  ra d iu s , fo r  one  ty p e  

of m a g n e tic  v a r ia t io n , w h ile  fo r  a n o th e r  ty p e  d iffe re n t v a lu e s  m a y  b e  n e ce ssa ry . I f  so , 

th e  d ifferen ce  b e tw e e n  th e  tw o  se ts  of v a lu e s  m a y  in d ic a te  h o w  th e  a c tu a l  co re  d iffe rs  

f ro m  th e  s im p le  m o d el.

1.9. T h is  q u e s tio n  fo rm s  th e  m a in  s u b je c t  of th e  p re s e n t  p a p e r , w h ic h  is  a  f u r th e r  

d e v e lo p m e n t of t h a t  b y  Ch a pm a n  a n d  W h i t e h e a d , a lre a d y  re fe r re d  to . M a th e m a tic a lly  

a ll su c h  d iscu ss io n s  a re  b a se d  u p o n  L a m b ’s  w o rk  o n  e le c tro m a g n e tic  in d u c tio n  in  

sp h e re s8 ; th e  th e o ry  fo r  a  u n ifo rm  c o n d u c tin g  sp h e re  is  c o m p le te  a s  re g a rd s  in d u c tio n

8 Ch a pm a n , ‘ P ro c . R o y . S o c . ,’ A , v o l.  95 , p . 61 (1 9 1 8).

6 Ch a pm a n , ‘ M .N .R .A .S .,’ v o l. 79 , p . 7 0  (1 91 8 ).

7 Ch a pm a n , ‘ J . L o n d . M ath . S o c ./  v o l. 2 , p . 131 (19 2 7 ),

8 La mb , ‘ P h il. T r a n s .,’ v o l. 174 , p . 52 6  (1 88 3 ).
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M A G N ETIC  ST A T E O F T H E  IN T E R IO R  O F T H E  E A R T H . 4 2 9

b y  p e rio d ic  m a g n e tic  fields, b u t  in  tlie  cou rse  of o u r w o rk  a  fu r th e r  d e v e lo p m en t of 

th e  th e o ry  fo r aperiod ic  fie lds h a s  p ro v e d  n e c e s s a ry ; th e  ex ten s io n s  a re  g iv en  else

w h ere  in  tw o  p a p e rs  b y  A. T . P r i c e .9 T h e  d is t in c tio n  b e tw ee n  th e  cases of perio d ic  

a n d  ap e rio d ic  fie lds is  so m ew h a t an alo g o u s to  t h a t  b e tw ee n  (a) th e  fo rced  v ib ra tio n s  of 

a n  e la s tic  d is s ip a tiv e  sy s te m , d u e  to  e x te rn a l fo rces of assig n ed  p erio d , a n d  (b) th e  

m o tio n  of th e  sy s te m  fro m  re s t, d u e  to  e x te rn a l  ap erio d ic  fo rces ; in  th e  la t te r  case, 

th e  m odes of free  v ib ra tio n  h a v e  to  be  fo u n d , a n d  th e ir  a m p litu d e  d e te rm in e d  to  

s a tis fy  th e  in i t ia l  co n d itio n s .

1.10. Seism ological ev id en ce10 in d ic a te s  a  fa ir ly  sh a rp  change  in  th e  c o n s ti tu tio n  of 

th e  e a r th  a t  a  d e p th  of a b o u t 15 k m ., b u t  th e re  is  no  in d e p e n d e n t in d ic a tio n  of a  ch an g e  

of p ro p e rtie s  n e a r  th e  level, 250 km . deep , w here  th e  c o n d u c tin g  core  b eg in s  (acco rd ing  

to  Ch a pm a n ’s  e s tim a te  b a se d  on  th e  d a ily  m a g n e tic  v a ria tio n s ) . T h ere  m ay , in  fa c t, 

b e  no  su d d en  in c rease  of k  a t  th is  level, b u t  o n ly  a  g ra d u a l in c rease , a n d  th is  in c rease  

m a y  c o n tin u e  to  m u c h  h ig h e r v a lu es11 of k th a n  3 -6 .1 0 -13. T o th ro w  lig h t on  th is  

p o in t  w e h e re  ex am in e  th e  a c tu a l  d is tr ib u tio n  of th e  in d u c e d  c u rre n ts  in  th e  core  (on 

th e  su p p o s itio n  t h a t  i t  is  u n ifo rm ly  c o n d u c tin g  a n d  t h a t  k — 3*65 .10~13), b o th  fo r 

th e  d a ily  v a r ia tio n s  a n d  fo r m a g n e tic  s to rm s. I t  is  fo u n d  t h a t  th e  c u rre n ts  p e n e tra te  

fu r th e r  in  th e  l a t te r  case, b u t  t h a t  below  a b o u t 2000 km . th e y  a re  sm all a n d  h av e  

o n ly  a  s lig h t in fluence  on  th e  su rface  m a g n e tic  field. T h u s  th e  reg io n  a b o u t w hich 

th e se  m a g n e tic  v a r ia tio n s  can  affo rd  in fo rm a tio n  is u n lik e ly  to  e x te n d  below  th is  d e p th  

a n d  m a y  fa ll fa r  s h o r t  of i t  if th e  c o n d u c tiv ity  in c reases  d o w n w ard s. T h e  co m p ariso n  

of th e  in d u c tio n -e ffec ts  fo r th e  d a ily  v a r ia tio n s  a n d  fo r m a g n e tic  s to rm s  does, in  fa c t, 

in d ic a te  t h a t  th e  c o n d u c tiv ity  is  n o t  u n ifo rm  below  250 k m ., b u t  c o n tin u es  to  in crease , 

a n d  a t  a  q u ite  ra p id  ra te .  B y  co n sid erin g  th e  m a g n e tic  v a r ia tio n s  over a  w ider ran g e  

of p e rio d  (or, in  th e  case of ap erio d ic  v a r ia tio n s , of t im e  scale), i t  m a y  p ro v e  feasib le  

to  d e te rm in e  th e  ra d ia l  d is tr ib u tio n  of c o n d u c tiv ity  fo r som e d is ta n c e  below  200 k m ., 

th o u g h  th e  d a ta  now  av a ilab le  scarce ly  suffice fo r th is  p u rp o se . T he  in v e s tig a tio n  w ill 

re q u ire  a  d ifficu lt ex ten s io n  of th e  m a th e m a tic a l th e o ry  if th e  c o n d u c tiv ity  is  su p p o sed  

to  v a ry  c o n tin u o u s ly ; b u t  i t  m a y  p ro v e  su ffic ien t to  t r e a t  th e  e a r th  as  a  series of 

co n cen tric  shells each  of u n ifo rm  c o n d u c tiv ity  ; th e  form ulae re q u ire d  in  th is  case h av e  

b een  g iv en  b y  Ch a pm a n  a n d  Wh it e h e a d  (loc. cit.). I n  th e  p re se n t p a p e r  th e  d e ta iled  

an a ly s is  is  co n ce rn ed  so lely  w ith  a  u n ifo rm ly  c o n d u c tin g  core.

T he  slow er th e  m a g n e tic  v a r ia tio n s , th e  d eep er do th e ir  in d u c ed  c u rre n ts  p e n e tra te  ; 

hence  th e  v a r ia tio n s  of lo n g est p e rio d  m u s t be  lo o k ed  to  fo r in fo rm a tio n  a b o u t th e  d eep est 

levels. T he  slow est k n o w n  v a r ia t io n  of e x te rn a l o rig in  is  th e  a n n u a l v a r ia t io n  ; th is  is 

v e ry  sm all a n d  d ifficu lt to  d e te rm in e  acc u ra te ly , b u t  in  th e  fu tu re  i t  m a y  becom e 

possib le  to  a p p ly  i t  to  th e  p re se n t p u rp o se . 9 10 11

9 P r i c e , ‘ P roc. L on d. M ath. S o c .’ ; ser . 2 , v o l. 31 , p. 217 (1 93 0), an d  a seco n d  p ap er  in  p rep aration .

10 Je f f r e y s , “ T h e E a r th ,” 2n d ed . (1929), p . 159.

11 Ch a pma n , ‘ N a tu r e ,’ vol. 124, p . 24  (1929).
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S. CH A PM A N  A N D  A. T. P R IC E  O N  T H E  E L E C T R IC  A N D430

1.11. I n  co n c lu s io n , som e e rro rs  a n d  m isc o n ce p tio n s  in  tw o  p a p e rs 12 13 b e a r in g  o n  

e le c tro m a g n e tic  in d u c tio n  w ith in  th e  e a r th  b y  v a ry in g  e x te rn a l  m a g n e tic  field s a re  

d iscu ssed  (§§ 9, 10).

2. T h e  Ma g n e t i c  D a t a , a n d  t h e i r  H a r m o n i c  A n a l y s i s .

2.1. T h e  p o te n t ia l  V  of th e  m a g n e tic  fie ld  a t  a n d  n e a r  th e  su rfa ce  of th e  e a r th  m a y  

a t  a n y  in s ta n t  be  e x p re ssed  as  a  series  o f sp h e ric a l h a rm o n ic  te rm s

(1) V  =  S S  V / ,
n  p

w h e r e  V /  d e p e n d s  o n  0 t h e  n o r th  p o la r  d i s t a n c e  (o r  c o la t i t u d e ) ,  a n d  o n  X t h e  e a s t  

lo n g i t u d e ,  s o le ly  t h r o u g h  t h e  s u r f a c e - h a r m o n ic  f a c t o r

(2) P /  (cos 0) (A  cos p X  -f- B  s in  p X ) ;

P /  (cos 0) d e n o te s  th e  a sso c ia te d  L e g e n d re  fu n c tio n  of d eg ree  n  a n d  o rd e r  p  ; n  a n d  

p  a re  p o s itiv e  in te g e rs  o r zero , a n d  p  <  n ; A  a n d  B  a re  fu n c ti

in d ic a te d  in  th e  fo llo w in g  g e n e ra l ex p re ss io n  fo r V /  :—

(3) V /  =  {(e v  „ - £ i  +  I V .  £ £ )  cos pX  +  ( e V  +  I V t Sin ? x} P /  (cos 6).

T h e  te rm s  in  th e  p o te n t ia l  w h ich  a re  of p o s itiv e  d eg ree  in  r  r e la te  to  th e  p a r t  o f th e  

fie ld  t h a t  h a s  i t s  o rig in  a b o v e  th e  e a r th ’s su rfa ce , w h ile  th e  o th e r  te rm s  a re  a s so c ia te d  

w ith  th e  p a r t  t h a t  o r ig in a te s  w ith in  th e  e a r th  : th e  fa c to rs  E / ,  1 /  a s so c ia te d  w ith  

th e se  te rm s  a re  c h o sen  so  a s  to  su g g es t th is  e x te rn a l  a n d  in te rn a l  c h a ra c te r .  T h e  

fa c to rs  E , I  a re , in  g e n era l, fu n c tio n s  of th e  tim e .

2.2. E a c h  of th e m  c a n  be a n a ly z e d  in to  a  c o n s ta n t  m e a n  p a r t ,  c o rre sp o n d in g  to  th e  

e a r th  s p e rm a n e n t  m a in  field , to g e th e r  w ith  a  v a r ia b le  p a r t ,  w h ic h  c o n ta in s  so m e 

p e rio d ic  te rm s , a n d  som e w h ic h  a re  ir re g u la r . T h e  fo rm e r in c lu d e  th e  so la r  a n d  lu n a r  

d iu rn a l  te rm s , a n d  th e  l a t t e r  th e  te rm s  c o rre sp o n d in g  to  m a g n e tic  s to rm s  : th e se  a lo n e  

a re  d iscu ssed  in  th is  p a p e r . T h e re  a re , in  a d d it io n , th e  s low ly  v a ry in g  te rm s  c o rre 

sp o n d in g  to  th e  a n n u a l  a n d  sec u la r  v a r ia t io n s , a n d  som e te rm s  d u e  to  sm a ll a n d  r a p id  

p u ls a tio n s  of th e  field .

2.3. A n y  p e rio d ic  c o m p o n e n t of V / ,  a sso c ia te d  w ith  t im e  fa c to rs  cos a  o r s in  a  

c a n  c o n v e n ie n tly  be  re p re se n te d  b y  th e  re a l p a r t  of th e  su m  of a n u m b e r  of e x p re ss io n s  

of th e  ty p e

(4 ) H" I
V, « “ y r )  ei{pK±at)P /  (cos 0),

w h ere  E a n d  I /  “ a re  co m p le x  n u m b e rs , ca lled  a m p litu d e  fa c to rs . T h e  m o d u lu s

Ch a pm a n  a n d  Wh i t e h e a d , * P roc . T or o n to  In t . M ath . C o n g ress,’ 1928 , p . 3 1 3 .

13 Ma k i s  a n d  H u l b u r t , 4 P h y s . R e v . , ’ v o l. 33 , p . 41 2  (1 9 2 9).
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M A G N ETIC  STA T E O F T H E  IN T E R IO R  O F T H E  E A R T H . 4 3 1

of th e  co m p lex  ra tio  E / ’° / I / ’a is  ca lled  th e  a m p litu d e  ra tio  of th e  e x te rn a l  to  th e  

in te rn a l  p a r t  of th is  c o m p o n en t of th e  p o te n tia l  te rm  V / ,  w hile  th e  a rg u m e n t of th is  

r a t io  is ca lled  th e  p h ase  d ifference b e tw een  th e m .

2.4. T h e  h a rm o n ic s  V /  a re  d e te rm in e d  a t  a n y  in s ta n t  b y  th e  g eo g rap h ica l d is tr ib u t io n  

of th e  th re e  m a g n e tic  e lem en ts  a t  t h a t  in s ta n t .  B y  m a k in g  th e  an a ly s is  fo r a  series  of 

tim es , th e  fa c to rs  E \ „ ,  l pn>a, E \ 6 , P n>6 (for a n y  d esired  v a lu es  of n  a n d  p ) , co u ld  

b e  fo u n d  as fu n c tio n s  of th e  tim e . I n  p ra c tic e , how ever, i t  p ro v es  m o re  c o n v e n ie n t 

to  m a k e  th e  tim e -a n a ly s is  f irs t, fo r th e  e lem en ts  a t  th e  s e p a ra te  o b se rv a to rie s . T h e  

perio d ic  co m p o n en ts  a re  ex p ressed  as F o u r i e r ’s  series, a n d  th e  g eo g rap h ica l d is tr ib u t io n  

of th e  coefficients in  th e se  series d e te rm in e s  th e  co rresp o n d in g  p e rio d ic  co m p o n en ts  of 

th e  v a rio u s  h a rm o n ic  te rm s  V / .  T h is  h a s  b e en  d o n e  fo r b o th  th e  so la r2,3 a n d  lu n a r3 

d iu rn a l v a r ia tio n s  ; th e  p rin c ip a l h a rm o n ic s  a re  th o se  fo r w h ich  I ,  2, 3, o r 4, a n d  

n  =  p  or n  —  p - \ - l .  M oreover, th e y  a re  fo u n d  to  d e p en d  m a in ly  o n  lo cal t im e  ; 

t h a t  is  to  say , w h en  t is  re c k o n ed  a t  th e  r a te  2 n  p e r  (re sp ec tiv e ly  so lar o r lu n a r)  d a y ,

( 5 ) a  =  p ,

w hile if t is  m e asu re d  in  seconds,

(5a) a  =  27ip/86400

in  th e  case of th e  so la r d ay .

2.5. T h e  a d d itio n a l v a r ia tio n s  p re se n t d u rin g  m a g n e tic  s to rm s  h av e  b een  d iscu ssed  

b y  N .  A. F . M oos14, S. Ch a pm a n 5 a n d  G. An g e n h e i s t e r 15 ; th e y  m a y  be a n a ly z e d  in to  

th e  s to rm -tim e  v a r ia tio n , th e  d is tu rb a n c e  d iu rn a l v a r ia tio n s , a n d  a n  ir re g u la r  p a r t .  

T h e  f irs t of th e se , w h ich  is  a lone  co n sid e red  in  th is  p a p e r , re p re se n ts  th e  p a r t  of th e  

v a r ia tio n  t h a t  is  sy m m e tric a l a b o u t th e  e a r th ’s ax is  ; i t  d ep en d s  o n ly  on  la t i tu d e  a n d  

s to rm -tim e  ( th a t  is, t im e  m easu red  fro m  th e  co m m en cem en t of th e  s to rm ). S ince 

th is  p a r t  is  in d e p e n d e n t of th e  lo n g itu d e , i ts  p o te n tia l  w ill c o n ta in  o n ly  zo n al h a rm o n ic s

(p  =  0). T h e  o b se rv a tio n s  c lea rly  in d ic a te  t h a t  th e  m o s t im p o r ta n t  h a rm o n ic  te rm

is th e  firs t (p ro p o rtio n a l to  P x (cos 6)), a n d  t h a t  h ig h e r h a rm o n ic s  a re  re la tiv e ly  sm a ll6 ; 

a n  a c tu a l d e te rm in a tio n  of th e m , as fu n c tio n s  of th e  tim e , is  m ad e  h e re  fo r th e  f ir s t tim e , 

on  th e  b asis  of th e  g ra p h s5 of th e  s to rm -tim e  changes of th e  n o r th  a n d  v e r tic a l m a g n e tic  

fo rce  (X  a n d  Z),16 re p ro d u c ed  in  fig. 5 ; th e se  g ra p h s  re fe r to  th e  av erag e  (n o rth )  m a g n e tic  

la t i tu d e s  22°, 40°, 53°. I t  m a y  b e  safe ly  a ssu m ed  t h a t  th e  s to rm -tim e  field  is  n e a r ly

14 M oo s, “ C olaba M agn etic  O b serva tion s 1 8 4 6 -1 9 0 5 ,” v o l.  2 , ch . 10 (1910).

13 An g e n h e i s t e r , ‘ G o ttin g en  N a c h .,’ M ath. P h y s ., 1924, p . 1.

16 A  zo n a l h arm onic in  th e  p o te n tia l V  can  g iv e  r ise o n ly  to  n o rth  (or sou th ) a n d  v er tica l co m p o n en ts  

o f m a g n etic  force, i.e., th ere  can  be n o  corresp on d in g  e a s t  or w e st  co m p o n en t. T he a n a ly sis5 sh ow ed  th a t  

th e  o n ly  large sto rm -tim e  ch a n ges are th o se  in  H  (h or izon ta l force, n o r th  or n ea r ly  n o r th  a t  th e  s ta t io n s  

con sid ered ), th o u g h  th o se  in  V , w h ile  sm all, are d e fin ite . T he sto rm -tim e  ch a n ges in  d e c lin a tio n , or ea s t  

force, w ere sm all an d  ir r e g u la r ; th e y  are p rob a b ly  a cc id en ta l, d u e to  th e  lim ited  n um ber an d  in d iv id u a l 

differences o f th e  storm s an aly sed .
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4 3 2 B. C H A PM A N  A N D  A. T . P R IC E  O N  T H E  E L E C T R IC  A N D

s y m m e tr ic a l  w ith  re sp e c t to  th e  e q u a to r , so  t h a t  o n ly  h a rm o n ic s  of o d d  d eg ree  n e e d  

c o n s id e ra tio n . T h e  d a ta  suffice to  d e te rm in e  th re e  of th e se , P l5 P 3, P 5 ; th e  o th e rs  

a re  su p p o se d  to  b e  n eg lig ib le  in  c o m p a r iso n  w ith  th e m .

T h u s , le t

(6 ) £1 =  2  (e n̂  - f  

w h e re  £1 d e n o te s  th e  s to rm -tim e  p a r t  of V , w h ile  en a n d  i n a re  fu n c tio n s  of th e  t im e . 

S ince

( — ) , Z  =  ( d— \

s im u lta n e o u s  v a lu e s  of X  a n d  Z in  th re e  la t i tu d e s  suffice to  d e te rm in e  en a n d  i n fo r  

n  =  1, 3, 5. T h e  v a lu e s  fo u n d  fo r v a r io u s  ep o ch s  a f te r  th e  c o m m e n c e m e n t of th e  

s to rm  a re  sh o w n  in  T a b le  I .  A t  th e  e a r th ’s su rfa ce  (r =  a), £ 1 = 2  (en +  i n) P„. (cos 6) ; 

th e  coeffic ien ts en -f- i n of th e  th re e  su rfa ce  h a rm o n ic s  a re  a lso  g iv en  in  T a b le  I ,  

a n d  a re  i l lu s tr a te d , as  fu n c tio n s  of th e  t im e , in  fig. 1. F ig . 2 show s th e  t im e -v a r ia t io n s  

of ex a n d  i x s e p a ra te ly .

Ta b l e  I .— V alu es  of th e  coeffic ien ts in  th e  ex p re ss io n

£l =  {exr  +  i x ( a?/ra)} V x - f  {e3 (rs /a 2) +  i 3 (u5/ r 4)} P 3 -j- {eh (r5/ a 4) -j- (a7/r 6)} 

r e p re se n tin g  th e  o b se rv ed  H .F . a n d  V .F . “  s to rm -t im e  ”  ch an g es .

U n i t  =  ly .  T im e  m e a su re d  fro m  h a lf-h o u r  b e fo re  c o m m e n c e m e n t of s to rm .

|
0

1
1 3 6 12 18 2 4 3 0 36 42 48  j

h ou r. h ou r. h ou rs. h ou rs. h ou rs. h ou rs. h ou rs. h ou rs. h ou rs. h ou rs. h o u rs, j

j ei +  H ................
0

— 16  
______ 1

— 8
1

14 3 6

1
3 8 37 3 3

31
2 8 1 27

1 «i • ’................... 0 - 11 — 6 11 2 6 2 8 2 6 2 4 2 3 21 20
J H ...................... 0

5
-  2 3 10

1 10 1 11 ___ 9_ _
8 7

1 7

e3d* * 3 ................ 0

E 3
l~~®~ h i

2 j 0
1 —1

1 0 1
o

e8 ...................... 0 -  0 - 5 i 2 “ l ~ T —2 0 - 1 0 i - 1
i s ...................... 0 -  0 - 5 — 1 —1 1

1 0
—1 1 1 1 1

| +  i5 ..................... 0 -  1 — 4 - 4 — 1
i - 1

— 0 - 5 | - 2 —1 - 2 - 1

I e ,  ..............................
I

0 - 1 - 5 —1 0
1 0

—  0 -5 : - I - 1 —1 — 0 - 5

| *5 .............................. 0 ■ -  1 -  2 - 5 - 3 — 1 - 1 0 “ I 0 —1 —  0 - 5

1

2.6. I t  is  c lea r  t h a t ,  e x c e p t d u r in g  th e  f ir s t  te n  h o u rs  of th e  s to rm , th e  fie ld  is  

a d e q u a te ly  re p re se n te d  b y  th e  s in g le  h a rm o n ic  P x. T h e  v a lu e s  of P 3 a n d  P 5, w h ile  

sca rce ly  lik e ly  to  b e  a c c u ra te  (b ecau se  of th e  lim ite d  d a ta  o n  w h ic h  th e y  a re  b a se d ) ,
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F ig . 2.

p ro b a b ly  in d ic a te  th e  o rd e r of m a g n itu d e  of th e  re m a in d e r of th e  s to rm -tim e  field. 

A t th e  e q u a to r  (0 =  90°),

(8) X  == — (ex -j- h )  +  f  (e3 +  ^3) ^  +  h )  > 

hence, a n d  fro m  fig. 1, i t  ap p ea rs  th a t ,  fro m  0 h . to  4 h. (d u rin g  w h ich  tim e  -j- a n d  

e3 +  i 3are  b o th  n eg a tiv e), P 3 opposes P l5 a n d  red u ces  th e  in it ia l  in c rease  of X  ; b u t  

fro m  a b o u t 5 h . to  10 h ., ow ing  to  th e  rev e rsa l of +  i x, P 3 re in fo rces P x.

2.7. T ab le  I  a n d  fig. 2 show  t h a t  in  th e  in it ia l  ra p id  change  .of X  a n d  Z, d u rin g  th e  

firs t h a lf-h o u r of th e  s to rm , th e  in te rn a l  p a r t  of P x is a lm o s t e x a c tly  h a lf  th e  e x te rn a l 

p a r t : a n d  t h a t  in  th e  su b se q u e n t slow er changes (from  1 h. to  12 h .) th e  ra t io  is  r a th e r  

less, t h a t  is, a b o u t 0*42.
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3. E l e c t r o m a g n e t i c  a n d  Ma g n e t i c  I n d u c t i o n  w i t h i n  a  U n i f o r m  Co n d u c t i n g  

P e r m e a b l e  Sph e r e  : Ge n e r a l  F o r mu l a e .

3.1 . I n  p ro b le m s  of e lec tro m a g n e tic  a n d  m a g n e tic  in d u c tio n  w ith in  a  u n ifo rm  

c o n d u c tin g  sp h e re , e ac h  sp h e ric a l h a rm o n ic  te rm  V /  c a n  b e  c o n s id e re d  in d e p e n d e n tly  

of a ll th e  o th e rs . L ik ew ise , each  p e rio d ic  c o m p o n e n t of a  p a r t ic u la r  h a rm o n ic , a n d  

eac h  ap e r io d ic  c o m p o n e n t in v o lv in g  a  re a l t im e  fa c to r  e~ lt, c a n  b e  s e p a ra te ly  t r e a te d .

3.2. S u p p o se  t h a t  th e  e a r th  h a s  a  u n ifo rm  core , of r a d iu s  , e le c tr ic  c o n d u c t iv i ty  k , 

a n d  m a g n e tic  p e rm e a b il i ty  (a . T h e  p a r t  of th e  e a r th  a b o v e  th i s  co re  is  t r e a te d  a s  

n o n -c o n d u c tin g , a n d  of p e rm e a b il i ty  u n i ty ,  th o u g h , in  fa c t , th e  c o n d u c tiv i ty  of th e  

o cean s  is  h ig h e r  th a n  t h a t  fo u n d  fo r  th e  co re  (§ 1 ) .

3.3. T h e  d a ily  m agne tic  va r ia tion s .— F o r  th e  p e r io d ic  c o m p o n e n t of fre q u e n c y

of th e  h a rm o n ic  V / ,  th e  c o m p le x  r a t io  I / / E / ,  a t  th e  e a r th ’s su rfa c e  r  — a, o n  th e  

a s s u m p tio n  t h a t  th e  in te rn a l  p a r t  of th e  fie ld  is  d u e  to  e le c tro m a g n e tic  a n d  m a g n e tic  

in d u c tio n  w ith in  th e  e a r th  b y  th e  o u te r  field , is  g iv en  b y *

(9 )
L =  m ! ! ! 1 | \  _  ,  | M t x - i n - 1" .

E , »» +  1 L ^ !  R ,  ^  J J ’

w h ere  I 8 a n d  E 6. d e n o te  th e  su rfa ce  v a lu es  of 1 /  a n d  E / ,  w h ile  R n_ i /R n m a y  b e  d e riv e d  

fro m  th e  fo rm u la

( 1 0 )
P

2 n  +  1

w h e n  (3, d e fin ed  b y

( 11)

, n  {n  +  1) , _ 0 _  , 1

4 p 2 r 4 p 3 r  " ' J

, • f j  ^ ( ^ + 1 )  w (w  +  l )

^  l  4 p 2 4 p 3

(32 =
4rc2p  k [iq^a*

2 4 . 6 0 . 6 0  5

5

is  la rg e  ; (10) is, in  fa c t ,  a n  a s y m p to tic  e x p a n s io n .

T h e  v a lu e s  of I s/ E s d e r iv e d  fro m  o b s e rv a tio n  (§ 2 .4) in d ic a te 3 t h a t ,  if (x =  1, (3 m u s t  

b e  a b o u t  8 -\/'p,wh ile4 if [x >  1, k an d  $ m u s t  b e  in c re a se d  n e a r ly  in  

C o m p u ta tio n s  w ere  m a d e  fo r th e  tw o  h a rm o n ic s  P 2X a n d  P 32, a n d  v a lu e s  of [x f ro m  1 

to  100 w ere  c o n s id e re d .4 I t  w as  c o n c lu d e d  t h a t  k a n d  jx c a n n o t  b e  s e p a ra te ly  in fe r re d  

fro m  th e  p e rio d ic  m a g n e tic  v a r ia t io n s , b u t  o n ly  th e ir  r a t io  k / [ x . T h is , h o w ev er, d id  n o t  

c o m p le te ly  d isp o se  of th e  p o s s ib il ity  t h a t  som e p a r t ic u la r  v a lu e  of (x m ig h t  p ro v e  

so m e w h a t m o re  s u i ta b le  th a n  o th e r  v a lu e s , if  a ll th e  h a rm o n ic s  d iscu ssed  in  (3) w ere  

co n sid e re d , w ith  m o re  a c c u ra te  d e te rm in a t io n s  of I s a n d  E s. T h e  c o n c lu s io n  c a n  b e  

co n firm ed , h o w ev er, w i th o u t  e x te n s iv e  c o m p u ta tio n s , as  fo l lo w s : b y  (9) a n d  (10),

n< n  I ,  nq'M+l f (A  — |X) +  »B ]

1 ’ E . n  +  1 1 A  +  *B J ’

* Cf. e q u a tio n s  (5 .7 ), (7 .8 ), (7 .10) a n d  (7 .1 2 ) o f  th e  m em o ir  b y  Ch a pm a n  a n d  Wh i t e h e a d , ‘ T ran s. C am b. 

P h il. S oc.,’ v o l, 22 (1 9 2 2 ). A  s lig h t  c o rrec tio n  is  n e e d e d  in  (7 .1 2 ), w h ic h  co rresp o n d s to  (10) a b o v e .
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M A G N ETIC  STA TE  O F T H E  IN T E R IO R  O F T H E  E A R T H . 4 3 5

w h ere

(13) A _  ~  1 )  I P
2 n  +  1 "r  +  1

n  (n  +  1) 

4P2

ny +  P , » (n +  1 )  1 i
2 n  -f- 1 2n +  1 4=P

(14) E  =  P J i  _  n(n +  — n (n +
2 n  +  l l  4 p 2 4 p 8

H en ce  th e  a m p litu d e  ra t io  R  a n d  th e  p h ase  d ifference <f> b e tw ee n  th e  in te rn a l  a n d  e x te rn a l 

p a r ts  of th e  field  a re  g iv en  b y

(15)
l s __nq*n + 1 f(A  — (x)2 +  B 2\*

EU] n  +  1 1 A 2 +  B 2 r

(16) $  =  t a n  1 {B/(A  — {x)} — t a n  1 ( B /A ) .

S ince i t  h a s  b e en  fo u n d  t h a t  (1 is  a b o u t 8 y /  w h en  jx — 1, a n d  t h a t  a n d  c o n seq u en tly  

(5 (w h ich  is  p ro p o r tio n a l to  y '  (fx k ) ) m u s t b e  in c re a se d  if jx >  1, (13) a n d  (14) re

a p p ro x im a te ly  to

(17)
a  _  n\j. - f -  p  g  _ _  P

2 n  +  1 ’ 2 n  \

ev en  w h en  jx =  1 a n d  n  —  5, w hile  w h en  [x >  1 a n d  <  5 th e  a p p ro x im a tio

closer. S u b s ti tu tin g  fro m  (17) in to  (15), (16), w e h av e

(18)

ry) /v2n-f-l
■p _  n(i

n  + 1

(19) t a n  <f> = :

f ( f l n - H ) ( p / n - - l ) U

1 1 +  WP/jX +  J

( 2 n + l )  P/m-
2 p 2/{x2 —  p/^x —  +  1 )  ’

3

th e se  in v o lv e  * a n d  [x o n ly  in  th e  fo rm  p/jx, w h ich  is  p ro p o r tio n a l to  (k /(x)*.

T h e  degree  of a cc u ra cy  of (18) a n d  (19) can  b e  i l lu s tra te d  b y  ca lc u la tin g  <f> fro m  (19) 

a n d  fro m  (16) in  th e  case3 w h en  (x =  1, k  =  3 -6 5 .1 0 -13, fo r th e  p rin c ip a l h a rm o n ic

te rm s  in  th e  d a ily  m a g n e tic  v a r i a t io n : th e  re su lts  a re as follow s :—

p , 1 P 32 I V p  4
r 5 P i1 P  2 r 2

o o o

0 fro m  (16) . .  18 -9  18*7 19-3

o

2 0 -5

O

11 -6

o

13-5

0 fro m  (19) . .  19 -3  18 -8  19-5 2 0 -8 11-5 1 3-4

S ince (19) is  le a s t a cc u ra te  w h en  (x =  1, i t  fo llow s t h a t  fo r [x >  1 th e  form ulae (16) 

a n d  (19) a re  p ra c tic a lly  e q u iv a len t, a n d  t h a t  th e re fo re  i t  is n o t  possib le , fro m  th e  d a ily  

m ag n e tic  v a r ia tio n , to  do  m ore  th a n  in fe r th e  ratio  k /(x, a n d  n o t  or [x sep a ra te ly .

3.4. The  storm -tim e varia tions .— I n  th is  case th e  e x te rn a l in d u c in g  field is  aperiod ic ,

3 LV O L . c c x x i x . — A
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4 3 6 S. CH A PM A N  A N D  A. T . P R IC E  O N  T H E  E L E C T R IC  A N D

a n d  in i t ia l ly  a n d  fin a lly  zero  : i t s  p o te n t ia l  c a n  b e  e x p re ssed  as  th e  su m  of zo n a l 

h a rm o n ic  te rm s  Y n =  E w (rn/a n~1) P n (cos 0), w h e re  E )t is  a  fu n c tio n  of th e

T h e  in d u c e d  field  c a n  b e  c a lc u la te d  b y  e x p re ss in g  E n as  th e  su m  of a  series of e x p o n e n tia ls  

w ith  re sp e c t to  th e  tim e , o r r a th e r  in  th e  fo rm

(20) E „ =  2  E MjM {I — e x p  (— Xm,w t)},
m

in  w h ich  e ac h  te rm  is  in i t ia l ly  z e r o ; th e  c o n s ta n ts  E m>n, XOTj n m u s t  b e  ch o sen  (a n d  

a  su ffic ien t n u m b e r  of te rm s  m u s t  b e  ta k e n )  to  f it  th e  fu n c tio n  E n w ith  th e  d e s ired  

acc u ra cy .

I t  h a s  b e en  sh o w n 9 t h a t  th e  in d u c e d  fie ld  c o rre sp o n d in g  to  th e  E m, n t e r m  in  th e  

h a rm o n ic  Y n is  g iv en  b y

(21) l m>n(#* + 2/^” + X) P» (COS 0), 

w h e re

ZOO\ T /T? — J ( f \    ^ 9  V ^ (2 ^  “f" 1 ) {®Xp ( nQ eX p  ( ?W

[ > ~w  ~  n  +  1  L . - : +  

— {1 — e x p  (— X * ,,* )} !;
+  +  1 J

x n>s is  th e  s th  ro o t*  of th e  e q u a tio n

(23) x  n i { x J fn+  ̂(x)  -f- (n\L -j- |r) J»+ j (x)} =  0,

J n+i (x) b e in g  th e  B essel fu n c tio n  of th e  f ir s t  k in d  a n d  of o rd e r  - f  11 a n d  [3m>n 

a re  d e fin ed  b y

(24) ln>, =  x 2ni ,/4tt \xq2a2,

(2 5 ) m , n  4t1ZK  [X ® *

T h e  fu n c tio n  <f>m> n (t) c a n  b e  sh o w n 9 to  h a v e  th e  fo llow ing  p ro p e r t ie s f  :—

(a ) cf>'(0 ) =  nq2n+1\ / ( n  +  1), w h ic h  i s  e s s e n t i a l l y  p o s i t i v e  : h e n c e  I m>n h a s  i n i

t h e  s a m e  s ig n  a s  E  m>n.

(b) <f> (t) -> — nq2n+1 ([x — l)/(w [x -j- w -j- 1) a s  £ -> oo .

(c) (t) h a s  o n ly  o n e  m a x im u m  v a lu e ,  w h ic h  l i e s  o n  t h e  g r a p h  o f  O (t), d e f in e d  b y

(2 6 ) o w  =  ^ r 2 ( 2  , |  _______ e x P ( - U ) __________ ( » + i ) ( ^ - i )  1 .

^  _h 1 l s = o x 2n > $ n  — 1) (^[x -j- - f - 1) (x -j- -|-1 J

T h e  fu n c tio n  O (t) is  th e  l im it  to  w h ic h  'th e  fu n c tio n  </> te n d s  as  [3 (o r  X) -> oo 5

* T h e ro o ts are a ll rea l, a n d  i t  is  a ssu m e d  th a t  th e y  are a rra n ged  in  a sc e n d in g  ord er o f  m a g n itu d e , 

f  T h e su ffixe s m , n ,  are o m it te d  in  w h a t  fo llo w s , w h ere  n o  c o n fu s io n  is  l ik e ly  to  r e su lt  fro m  th e  o m issio n .
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i .e .,  w h e n  th e  c h a n g e  in  t h e  e x t e r n a l  f ie ld  b e c o m e s  in s t a n t a n e o u s  ; O (t) d e c r e a s e s  

c o n t in u o u s ly  f r o m  nq 2n+1[(n  1) t o  —  7iq2n+1 ( (x —  l) /(w (x - f - -w , - b l ) a s  t  in c r e a s e s  f r o m

z e r o  t o  in f in i t y .  I t  f o l lo w s  t h a t  t h e  g r a p h s  o f  O (t) a n d  <f> ( a re  a s  s h o w n  in  f ig . 3 . 

I t  w i l l  b e  o b s e r v e d  t h a t  t h e  m a x im u m  v a lu e  o f  (f> (t) w i l l  b e  s m a lle r ,  t h e  s lo w e r  t h e  r a te  

o f  c h a n g e  o f  t h e  e x t e r n a l  f ie ld .

1 mmmm.

t a n  A

3 .5 . I n  t h e  s p e c ia l  c a s e  o f  u n i t  p e r m e a b i l i t y  ( g  =  1 ), t h e  e q u a t io n s  (2 2 ) , (2 3 ) , (2 6 )  

r e d u c e  t o

(2 7 ) l m,nI K
2n  (2 n -j~ 1) <y2”+1 

n-f - 1

ft2
r

ex p  (— — ex p  (—

x \ g{x2niS —  P V n )

(2 8 )  X  n ( x )  =  0 ,

(2 9 )  O m>n («) =  2  (2n +  1) S  x ~ \ s e x p  ( —  ln>st).

T h u s  t h e  r o o ts  x n>s a r e , in  t h i s  c a s e , t h e  r e a l  z e r o s  o f  t h e  B e s s e l  f u n c t io n  J „ _ j ; a lso  

n o w  <f> (t) -> 0  a s  t-> qo .

3 .6 . S o m e  g e n e r a l  c o n c lu s io n s  r e g a r d in g  t h e  n a tu r e  o f  t h e  in d u c e d  f ie ld , w h a te v e r  t h e  

v a lu e s  o f  k  a n d  (x, c a n  b e  f o r m e d  w i t h o u t  d e t a i l e d  c o m p u ta t io n .

E v e r y  t e r m  in  t h e  in f in i t e  s e r ie s  in  (2 2 )  i s  p o s i t iv e ,  fo r  a ll  v a lu e s  o f  t, b e c a u s e  

z 2„>g/ P V « =  k *  IK ,n ,  b y  (2 4 ) , (2 5 ) , a n d  th e r e fo r e  t h e  n u m e r a to r  a n d  d e n o m in a to r  o f  

e a c h  t e r m  h a v e  t h e  s a m e  s ig n . M o r e o v e r , e v e r y  t e r m  t e n d s  t o  z e r o  a s  -*■ 00 . H e n c e  

t h e  c o r r e s p o n d in g  p a r t  o f  lm>n h a s  t h e  s a m e  s ig n  a s  n ; a s  t -> 00 i t  t e n d s  t o  z e r o 5 

im p ly in g  t h e  e v e n t u a l  d e c a y  o f  t h e  c o r r e s p o n d in g  c u r r e n ts .

3 l  2
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T h e  re m a in in g  te rm  in  (22) is  n o t  d u e  to  in d u c e d  c u rre n ts , b u t  to  in d u c e d  m a g n e tism  

in  th e  p e rm e a b le  co re  ; i t  v a n ish e s  if  (x =  1. T h is  te rm  is  a lw ay s  n e g a tiv e , a n d  b e a rs  

a  c o n s ta n t  r a t io  to  th e  t im e  fa c to r , 1 — e x p  (—  Xm>n£), of th e  in d u c in g  f i e ld ; i t  does 

n o t  te n d  to  zero  as  t  -*■oo . H e n ce  (if jx ?£ 1) i t  is

fie ld  of th e  in d u c e d  c u r re n ts .

T h e  g e n e ra l fo rm  of th e  fu n c tio n  <f> (t) h a s  b e e n  in d ic a te d  in  fig. 3. A t  f ir s t  i t  is  

p o s itiv e , sh o w in g  t h a t  th e  fie ld  of th e  in d u c e d  c u r re n ts  o u tw e ig h s  t h a t  of th e  in d u c e d  

m a g n e tism  ; b u t  as  th e  c u r re n ts  d e c a y  <f> (t) ceases to  in c re a se  ; i t  a t t a in s  a  m a x im u m  

w h ic h  is  a lw ay s  less t h a n  nq2n+1/( n  +  1 ) ;  th e n  i t  d ecreases , ch an g es  sig n , a n d  te n d s  

to  th e  c o n s ta n t  n e g a tiv e  v a lu e  — nq2n+1 (jx — l)/(w (x -J- +  1), w h ic h  is  a lw ay s

(n u m erica lly ) less th a n  q2n+1.

H en ce , u s in g  (7), i t  fo llow s t h a t  a t  f ir s t  th e  in te rn a l  fie ld  in c re a se s  H  a n d  d ec rea se s  

V , a t  th e  su rfa ce , b u t  t h a t  u l t im a te ly  H  is  d e c rea se d  a n d  V  in c re a se d , if  jx >  1.

I f  {x is  fa ir ly  la rg e  (a n d  q n e a r ly  e q u a l to  1) th e  fin a l in flu en ce  of th e  in d u c e d  m a g n e tism  

is  c o n sid e rab le , b ecau se  I m,„ /E W)„ te n d s  a p p ro x im a te ly  to  — g'2”+1 as  t-+  <*> ; th e  

in te rn a l  fie ld  th e n  n e a r ly  can ce ls  H , w h ile  i t s  c o n tr ib u t io n  to  V  is  s im ila r  in  m a g n itu d e  

to  th e  e x te rn a l  o n e  ( th e  r a t io  is  a p p ro x im a te ly  - f - 1) q2n+1fn ,  w h ic h  m a y  ex ceed  

u n ity ) .

D u r in g  th e  e a r ly  s tag e s , h o w ev er, th e  t o t a l  in d u c e d  m a g n e tic  fie ld  w ill b e  a lm o s t 

u n in flu e n c e d  b y  th e  in d u c e d  m a g n e tism  if th e  core  is  su ffic ien tly  c o n d u c t in g ;  fo r  

w h e n  /c (x22u 2X is  su ffic ien tly  la rg e  <f> (t) is  a t  f ir s t  a p p ro x im a te ly  e q u a l to  

nq2n+1 (1 — e~Kt) /(n  - f - 1), in d e p e n d e n t  of ;x. T h e  fie ld  of th e  in d u c e d  m a g n e tism  is  

ju s t  c o m p e n sa te d  b y  a n  in c re a se  of th e  in d u c e d  c u r re n ts , b e y o n d  w h a t  w o u ld  b e  

p ro d u c e d  if (x =  1.

T h u s  to  d e te rm in e  (x i t  is  n e c e ssa ry  to  c o n s id e r  th e  in te rn a l  fie ld  in  th e  l a te r  s tag e s , 

w h e n  th e  in d u c e d  c u r re n ts  h a v e  n e a r ly  d ie d  aw ay .

3.7. T h e  d iscu ss io n  in  3.6 re fe rs  o n ly  to  th e  in d u c e d  fie ld  c o rre sp o n d in g  to  a  p a r t ic u la r  

h a rm o n ic  te r m  a n d  t im e  fa c to r , as  in  (20). T h e  sam e  g e n e ra l c o n c lu s io n  w ill a p p ly , 

h o w ev er, w ith  l i t t le  o r n o  ch an g e , to  th e  fie ld  in d u c e d  b y  a n y  s im p le  a p e r io d ic  p r im a ry  

fie ld  d e p e n d in g  o n  a  s ing le  h a rm o n ic . W h e n  th e  t im e  fa c to r  (^ )  of th e  in d u c in g  fie ld  

h a s  sev e ra l s ta t io n a r y  v a lu e s , t h a t  (<f>)of th e  in d u c e d  fie ld  w ill h a v e  

a n d  th e  d ifferen ce  b e tw e e n  a n y  tw o  c o n se c u tiv e  s ta t io n a r y  v a lu e s  of </>, a t  t im e s  t1; t 2, 

w ill e q u a l th e  a lg eb ra ic  su m  of (i) a  q u a n t i ty  less  t h a n  nq2n+1/( n  +  1) t im e s  th e  

d ifference  b e tw e e n  th e  c o rre sp o n d in g  s ta t io n a r y  v a lu e s  of a n d  (ii) a  q u a n t i ty  d e p e n d 

in g  o n  th e  d ecay , d u r in g  th e  in te rv a l  tx to  t 2, of th e  fie ld  of th e  in d u c e d  c u r re n ts  w h ic h  

e x is te d  a t  th e  t im e  tx. T h e  seco n d  q u a n t i ty  w ill b e  a p p re c ia b le  o n ly  w h e n  th e  c h an g e  

in  th e  e x te rn a l  fie ld  is  slow , a n d  in  th is  case  th e  f ir s t  q u a n t i ty  w ill b e  sm all.

3.8. T o  su m  u p  b rie fly , w e m a y  s a y  t h a t  th e  in d u c e d  fie ld  w ill c o n ta in  o n ly  th o se  

h a rm o n ic s  w h ic h  a re  p re s e n t  in  th e  in d u c in g  f i e ld ; t h a t ,  w h ile  th e  e x te r n a l  fie ld  is  

v a ry in g , th e  coeffic ien t (a  fu n c t io n  of t) o f th e  “  in te r n a l  ”  h a rm o n ic  of o rd e r  n  w ill b e  

a p p ro x im a te ly  nq2n+lj ( n  +  1) t im e s  t h a t  of th e  c o rre sp o n d in g  “  e x te rn a l  ”  h a rm o n ic
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if k  is  su ffic ien tly  la rg e , a n d  w ill be  r a th e r  less th a n  th is  if k is  sm alle r ; a n d  fin a lly  th a t , 

if th e  e x te rn a l  field  re m a in s  c o m p a ra tiv e ly  s te a d y  o v er a n  in te rv a l  su ffic ien tly  long  fo r 

th e  in d u c e d  c u rre n ts  to  d ie  aw ay , th e n  th e  fina l v a lu e  of th e  coefficient of th e  in te rn a l  

h a rm o n ic  of o rd e r n  w ill b e  — nqin+l ( [x — l ) / ( n g  +  w - j - 1) tim e s  

co rre sp o n d in g  e x te rn a l  h a rm o n ic .

4. Th e  Ma g n e t i c  P e r m e a b i l i t y  o p t h e  Co r e .

4.1. I n  3.3 i t  h a s  b e en  sh o w n  t h a t  th e  in d u c e d  p a r t  of th e  fie ld  of th e  d a ily  m a g n e tic  

v a r ia t io n s  is  u n lik e ly  to  a ffo rd  in fo rm a tio n  as to  th e  se p a ra te  v a lu es  of k a n d  g, b u t  

d ep en d s  p ra c tic a lly  o n ly  on  th e ir  r a t io  «r/g.

I n  3.6, 3.7, i t  h a s  b e en  sh o w n  t h a t  th e  r a t io  of th e  coefficients of th e  n th  h a rm o n ic  in  

th e  in te rn a l  (in d u ced ) a n d  e x te rn a l  (p r im ary ) fields a p p ro x im a te s  to  nq2n+1j(n  -f- 1), 

w hile  th e  fie ld  is  a c tiv e ly  v a ry in g  (i.e., p ro v id e d  t h a t  k  y.q2a2 X is  su ffic ien tly  l a r g e ) ; 

th is  r a t io , th e re fo re , is  in d e p e n d e n t b o th  of k a n d  (x. F ig . 2 in d ic a te s  t h a t  th e se  co n 

d itio n s  a re  re a liz e d  d u rin g  th e  f ir s t 48 h o u rs  of a  m a g n e tic  s to rm , since th e  coeffic ient 

of th e  f ir s t in te rn a l  h a rm o n ic  (n  —  1) is  a lm o s t h a lf  t h a t  of th e  e x te rn a l  

H en ce  i t  a p p e a rs  t h a t  [x c a n n o t b e  d e te rm in e d  fro m  o b se rv a tio n s  of th e  s to rm -tim e  

field  d u rin g  i ts  a c tiv e  p h ase .

B u t  since th e  s to rm -tim e  field  d ecay s  r a th e r  slow ly , o v e r sev e ra l d ay s, i t  m a y  in  i ts  

la te r  s tag es  in d ic a te  w h e th e r  jx >  1. A s s ta te d  in  3.6, if (x exceeds u n ity , th e  H .F . 

(h o rizo n ta l fo rce) d e v ia tio n  sh o u ld  d ecrease  m o re  ra p id ly  th a n  th e  Y .F . (v e rtic a l fo rce) 

d e v ia t io n ; fo r ex am p le , if  jx =  10, th e  r a t io  I i / E i ,  w h en  th e  in d u c e d  currents  h a v e  

d ied  aw ay , is  — qz([x — l)/([x  -f- 2), o r n e a r ly  — f  if is  n e a r ly  u n i ty  ; th e  H .F . d e v ia 

t io n  w o u ld  b e  d ecrea sed  to  \  th e  v a lu e  d u e  to  th e  e x te rn a l field  a lone, w hile  th e  Y .F . 

d e v ia tio n  w o u ld  be  in c re a se d  in  th e  r a t io  \.

A  sea rch  fo r su ch  a n  effect h as  b e en  m ad e , b y  e x am in in g  th e  d a ily  m ean s  of H .F . 

a n d  Y .F . a t  sev e ra l o b se rv a to rie s  fo r n in e  o r te n  d a y s  fo llow ing  m a g n e tic  s to rm s, 

b u t  w ith o u t success. T h e  ta s k  is  n o t  easy , b ecau se  th e  u n d is tu rb e d  s ta te  of th e  

e a r th ’s field  is  n o t  defin ite . I t  m a y  b e  w o r th  w hile  to  m a k e  a  m ore  d e ta ile d  a n d  

ex ten s iv e  sea rch  fo r a n  in d u c e d  m a g n e tic  field  d u rin g  th e  d a y s  fo llow ing  m ag n e tic  

s to rm s .

O n p h y s ica l g ro u n d s, how ever, i t  seem s u n lik e ly  t h a t  [x a p p re c ia b ly  exceeds u n ity . 

A  la rg e r v a lu e  w o u ld  p re su m a b ly  im p ly  th e  ex is ten ce  of fe rro m ag n e tic  m a te r ia l in  th e  

c o r e ; b u t  a t  o rd in a ry  p ressu res  iro n  loses i ts  p e rm e a b il ity  a t  800° C., a  te m p e ra tu re  

a t ta in e d  a t  a b o u t 100 k m . d e p th 10— less th a n  th e  th ic k n e ss  of th e  re la tiv e ly  n o n 

co n d u c tin g  o u te r  shell. In c re a se d  p ressu re  a p p ea rs  o n ly  to  low er th e  te m p e ra tu re  a t  

w h ich  iro n  loses i ts  p e rm e a b il ity .17

O w ing to  o u r ig n o ran ce  of th e  c o n d itio n s  deep  w ith in  th e  e a r th , i t  is  n o t  in co n ce iv ab le  

t h a t  th e  core is  d iam ag n e tic  ([x <  1). I f  so, th e  in d u c ed  m a g n e tism  (th o u g h  p ro b a b ly

17 Ad a ms  and  Gr e e n , ‘ R eport D ep . Terr. M ag., C arnegie I n s t . ,’ 1925-26, p. 225.
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4 4 0 S. CH A PM A N  A N D  A. T . P R IC E  O N  T H E  E L E C T R IC  A N D

v e ry  sm all) w o u ld  re in fo rc e  tl ie  field  of th e  in d u c e d  curren ts ; i t  m ig h t  b e  p o ssib le  to  

d e te c t  i t  in  th e  la s t  s ta g e s  of th e  s to rm - t im e  fie ld— a n d  a lso  in  th e  fie ld  of th e  

d a ily  m a g n e tic  v a r ia t io n s , s in ce  th e  a p p ro x im a tio n  (19) of 3.3 b eco m es in c re a s in g ly  

in a c c u ra te  w h en  g d ec rea se s  b e lo w  u n i t y ; b o th  p o ss ib ilitie s  a re , h o w ev er, r a th e r  

re m o te .

I n  th e  re m a in d e r  of th is  p a p e r  w e sh a ll a ssu m e  t h a t  g =  1 th r o u g h o u t  th e  c o n d u c tin g  

co re .

5. E l e c t r o m a g n e t i c  In d u c t i o n  b y  t h e  S t o r m -T im e  F i e l d  ; N u m e r i c a l  V a l u e s .

5.1. T h e  fo llo w in g  is  th e  f i r s t  a t t e m p t  a t  a n  a c c u ra te  c a lc u la tio n  of th e  in d u c e d  fie ld  

d u e  to  th e  e x te rn a l  p a r t  of th e  s to rm - t im e  fie ld , u s in g  p ro b a b le  v a lu e s  of k a n d  q. T h e  

f ir s t  h a rm o n ic , w h ic h  is  of o u ts ta n d in g  im p o r ta n c e , is  a lo n e  c o n s id e re d  ; th e  co effic ien t 

ex of i t s  e x te rn a l  p a r t  (cf. (6)) is  in d ic a te d , as  a  fu n c tio n  of t im e , in  fig. 2.

5.2. I t  is  n e c e ssa ry  a t  th e  o u ts e t  to  r e p re s e n t  b y  a  s u ita b le  m a th e m a tic a l  e x p re ss io n  

of th e  fo rm  S a ffl{l — e x p  (— Am£)}; som e la t i tu d e  is  p o ss ib le  in  th e  cho ice  of th e  

n u m b e rs  am a n d  Am, b u t  o n  p h y s ic a l g ro u n d s  i t  is  c lea r  t h a t  if  tw o  fo rm ulae f it  th e  

o b se rv ed  c u rv e  fo r  ex e q u a lly  w ell o v e r a  c e r ta in  in te rv a l  (fro m  0), th e  c o rre sp o n d in g  

in d u c e d  fie ld s w ill b e  c lo se ly  s im ila r  d u r in g  th e  in te rv a l .  T h e  c a lc u la tio n  of th e  in d u c e d  

field  is  m u c h  s im p lified  if th e  A’s c a n  b e  ch o sen  fro m  a m o n g  th e  series  of n u m b e rs  lx, 

d e te rm in e d  b y  (23, 24) o r (s ince w e a ssu m e  g =  1) (24, 2 8 ) ;  (28) re d u c e s  to  30 31 32 33 34 35

(30) s in  x  = 0 

w h e n  n  =  1, so  t h a t

(31) x s —  siz(s =  1, 2, . . .)  

a n d

(32) ls =  s27r2/47t k  s2 A ,

say , w h e re

(33) A =  7c/4 k 2.

T h e  v a lu e s  of k  a n d  q fo u n d  b y  Ch a pm a n  a re  a d o p te d  in  th e  f ir s t  in s ta n c e , i .e .,

(34) k =  3 * 6 5 .10~13 e .m .n ., q —  0 -9 6 ,

so  th a t ,  s in ce  a  —6 * 3 7 .108 cm .,

(35) A  =  5*74 . 10~ 6 ;

if w e w rite  t — 8 • 6 4 . 104 T , so t h a t  T  d e n o te s  t im e  re c k o n e d  in  th e  d a y  as  u n it ,  w e m u s t  

re p la ce  A  t b y  A 'T , w h ere  A ! —  0*497.
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I t  is found  th a t  ex can  be rep resen ted  by  four term s, ta k in g  Xm —  ls for th e  values 

s —  1 , 3 , 6 , 8 , a n d  ta k in g  ax —  4 0  =  — a z, =  9 6  =  — so th a t ,  on reduction ,

(3 6 )  ex =  —  9 6  (e " 36At —  e " 64At) +  40 {e~M —  e " 9At).

5.3. P r i c e  ( loc . tit.)ha s  s h o w n  t h a t  a  p r im a r y  e x te r n a l  f ie ld  o f  w h ic h  t h e  p o t e n t i

(3 7 )  (1 —  e x p  ( —  m 2 A rPx (c o s  0 ) 

g iv e s  r is e  t o  a n  in d u c e d  f ie ld  o f  w h ic h  t h e  p o t e n t ia l  i s

(3 8 )  0 W . (a 3/r 2) Px (c o s  0 ) , 

w h e r e

(3 9 ) 0 ,
3 g 3 f  [ A,  , 2 1 — 2 m 27t2]

7t 2 L l +  12m 2 J
[> e x p  (— m 2A t)

b e x p  (— s 2A t)  

1 1 s 2 ( s 2 —  m 2)

th e  te rm  s  —  mbeing  o m itted  from  th e  sum m ation .

T h u s  fo r  t h e  p o t e n t ia l  i x (a?jr2) P x (c o s  0 ) o f  t h e  in d u c e d  f ie ld  c o r r e s p o n d in g  t o  (3 6 ) , 

w e  h a v e

(4 0 )  i x == 9 6  (<f> 8 

5 .4 .  The values of (f>mfor m  =  1, 3 , 6 , 8 , com puted  from  (3 5 , 3 9 ) , for tim es u p  to  9 6

hours, are  given in  T ab le I I .  T he corresponding values of ex a n d  i x, ca lcu lated  from  

(3 6 )  an d  (4 0 ) , are given in  Table I I I ,  a n d  illu s tra te d  in  fig. 4 . The values of ex an d  

determ ined  from  th e  observations (up to  4 8 h .)  are show n b y  d o tte d  lines ; th e  agreem ent 

betw een th e  observed  a n d  calcu lated  values of ex is m oderate ly  good, show ing th a t  th e  

chosen fo rm ula (3 6 )  is fa irly  sa tisfacto ry . The changes rep resen ted  b y  th e  form ula

Ta b l e  I I .— V a lu e s  o f  <f>m, fo r  m  =  1 , 3 , 6  a n d  8 .

T im e in  hrs. T ] 2 3 6 .
1

9

1 12 1 15

18 l
|

21 24

0 i 0 -0 30 3 0 -0 5 7 4 0 -08 22 0-14 67 0-1 9 9 5 0 -243 4 0-2 7 9 5 0 -3 0 9 9 0-3 3 4 6 0 -354 6

03 0 -25 15 0-4 377 0 -57 88 0-82 13 0-9 0 6 6 0 -914 2 0-8 8 3 9 0 -8 3 8 3 0 -7 8 64 0 -734 9

06 0 -7 71 8 1-0717 1-1733 M 5 0 5 1-0218 0-92 46

08 1-0 720 1-2684 1-2628 1-1165 0-9 98 6 0 -906 6

T im e in  hrs. 3 0 36 42 48 64 96

</>i 0-38 32 0 -3 99 4 0 -4 0 5 9 0 -4 0 53 0-3 7 9 7 0-2881

(f>2 0 -63 88 0 -55 58 0 -4 8 5 0 0 -4 2 44 0-3 01 2 0-1 54 3
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Ta b l e  I I I .— T he ca lcu la ted  values of th e  in d u ced  field fo r m ag n e tic  s to rm -tim e  v a r ia 

tions, on  th e  a ssu m p tio n  t h a t  k  — 3*65 X I0 ~ 13 e .m .u ., 

Coefficient of f irs t h a rm o n ic  in  p r im a ry  field d en o te d  b y  eXi a n d  t h a t  fo r in d u ced  

field b y  i x.

T im e . 1 h o u r . 2 h ou rs. 3  h ou rs . 6 h ou rs . 9 h ou rs. 12 h ou rs . 15 h ou rs . 18 h ou rs.

ei

H

Y
— 1 4 -0

— 5 - 4

—  4 -1

— 1-0
- f  6 - 3  

+  3 - 0

21-2
6 - 4

2 5 - 6

7 - 0

2 6 - 9

6-8
2 6 - 8

6*1
2 6 -1

5 - 9

T im e . 21 h ou rs. 2 4  h ou rs. 3 0  h ou rs. 3 6  h ou rs. 42  h ou rs. 4 8  h ou rs. 64  h ou rs . 96  h ou rs .

*i

Y
2 5 -1

4 - 9

2 4 - 0

4 -1

2 1 - 3

2*8
1 8 -9

1 -7

1 6 * 8

0 - 9

1 4 * 8

0-2
10-6

— 0*8

5 - 5

— 1 - 4

TIME IN h o u r s

a re  s lig h tly  too  ra p id  d u rin g  th e  f irs t s ix  or e ig h t hours, a n d  th e  m a x im u m  is a tta in e d  

som ew hat to o  s o o n ; th e  su b se q u e n t slow decrease is likew ise to o  ra p id , so t h a t  ex as 

c a lcu la ted  is so m ew h at to o  sm all ( it m a y  be n o te d  t h a t  Ch a pm a n  a n d  W h i t e h e a d , in  

rep resen tin g  th e  s to rm -tim e  v a ria tio n s , to o k  e~°'805T as th e  m o st slow ly v a ry in g  te rm , 

in s te a d  of e~0'507T as here).

T he ca lcu la ted  cu rv e  fo r i x differs fro m  th e  observed  cu rve  in  a  s im ila r s e n s e ; b u t  

th e  d isc repancy  d u rin g  th e  second d a y  of th e  s to rm  is  fa r  g re a te r  th a n  fo r ex. M oreover, 

if th e  fo rm u la  (36) w ere m odified  to  fit ex b e tte r ,  th e  d isc rep an cy  in  i x w ou ld  n o t be  red u ced  

b u t  increased , because  a  m ore  slow ly v a ry in g  o u te r  field induces a less in te n se  in n e r  

field.

T h is  in d ic a te s  t h a t  th e  v a lu e s  (34) fo r  k  a n d  q, w h ic h  a c c o rd  w ell w ith  th e  r e la t io n  

b e tw e e n  th e  in d u c e d  a n d  in d u c in g  field s in  th e  case  of th e  d iu rn a l ly  p e r io d ic  v a r ia t io n s ,
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are  n o t c o n s is te n t w ith  i t  in  th e  case of th e  slow er, ap erio d ic , v a r ia t io n  in  th e  la te r  s tages 

of a  m a g n e tic  s to rm . W hile  i t  w as n a tu ra l  a n d  p ro p e r, in  th e  f ir s t  in s ta n ce , w hen  

co n sid e rin g  th e  d a ily  m a g n e tic  v a r ia tio n s  a lone, to  t r y  to  re p re se n t th e  e a r th  b y  a 

u n ifo rm ly  c o n d u c tin g  sp h ere , su rro u n d e d  b y  a n  o u te r  n o n -c o n d u c tin g  lay er , i t  now  

a p p e a rs  t h a t  th is  s im ple  m odel is  in c o n s is te n t w ith  th e  o b serv ed  fa c ts , w h en  b o th  th e  

d a ily  a n d  th e  s to rm -tim e  v a r ia tio n s  a re  co nsidered .

5.5. T h e  d isc rep an cy  w ith  th e  s im ple  m odel (34) is  fu r th e r  i l lu s tra te d  b y  fig. 5, w hich 

re fe rs  to  a  co m b in ed  field  (p r im a ry  field p lu s  c a lc u la te d  in d u c ed  field) chosen  so as to  

fit  th e  o b serv ed  H .F .  v a ria tio n s  (d o tte d  lines) fa ir ly  w e l l ; th e  co rresp o n d in g  V .F .  

v a ria tio n s  a re  m u ch  g re a te r  th a n  is  o b serv ed  ; th is  in d ic a te s  t h a t  th e  ca lc u la te d  ra tio  

of th e  in d u c ed  to  th e  p r im a ry  field  is to o  sm all, ag ree in g  w ith  fig. 4.

5.6. T he  in d u c ed  field  w o u ld  b e  in c reased , as  th e  o b se rv a tio n s  re q u ire , if a  la rg e r 

v a lu e  w ere assigned  to  k ; c a lc u la tio n s  h a v e  sh o w n  th a t ,  w ith  q <  0*96, k m u s t 

L A T I T U D E  2 2 ° L A T IT U D E  AO” 2 0 L A T I T U D E  5 3 °

24 30 36 4 2
_l___ ' i i

in c reased  a t  le a s t to  4 4 .10-13 (i.e., 12-fold) to  fit th e  s to rm -tim e  o b se rv a tio n s  ; th e  

sm aller th e  v a lu e  of q, th e  la rg e r  m u s t be  th e  v a lu e  of k , fo r tw o  reasons, n am ely , because  

of th e  fa c to r  qz a ris in g  fro m  th e  v a r ia t io n  of th e  in d u c in g  a n d  in d u ced  fields across th e  

n o n -co n d u c tin g  o u te r  lay er, a n d  fu r th e r , becau se  in  th e  exp ressio n  fo r th e  in d u c ed  

c u rre n ts  k is  a sso c ia ted  w ith  a  fa c to r  q2. T ab le  I I I a  show s th e  v a lu es of th e  in d u c ed  

field, c a lc u la te d  on  th e  a ssu m p tio n  t h a t  * =  44.10 ~13, 0*94, jx — 1 ; th e  v a lu e

q =  0*94 h as  b een  ta k e n  b ecause  th e  d iu rn a l v a r ia tio n s  c lea rly  in d ic a te  t h a t  a t  0 • 96 

th e  v a lu e  of k is o n ly  a b o u t 4 .1 0 -13. T he  in itia l p h ase  h a s  b een  ig n o red  in  th e se  ca lcu la 

tio n s . T he  firs t line  show s th e  v a lu es of el5 re fe rrin g  to  th e  e x te rn a l field, c a lc u la te d  

fro m  th e  expression  chosen  to  re p re se n t th e  o b served  v a lu es of e1 ; i t  w ill be  seen  to  

agree  fa ir ly  w ell, a f te r  tw e lv e  h o u rs , w ith  th e  a c tu a l va lues, show n in  line  2. L ines 3 

a n d  4 show  th e  ca lcu la ted  a n d  a c tu a l v a lu es of th e  coefficient i x of th e  in d u c ed  field. 

T h e  v a lu e  k =  44 .10-13 w ith  q =  0*94 ap p ea rs  to  be  a b o u t r i g h t ; a  decrease  of 

VOL, CCXXIX,— A. 1 M
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4 4 4 S. CH A PM A N  A N D  A. T . P R IC E  ON  T H E  E L E C T R IC  A N D

cen t, w o u ld  p ro b a b ly  m a k e  th e  in d u c e d  fie ld  to o  sm all. T h is  v a lu e  is  c o n s id e ra b ly  

la rg e r  th a n  th e  v a lu e  (5 -6 .1 0 -13) p re v io u s ly  e s t im a te d  b y  Ch a pm a n  a n d  W h i t e h e a d  

(b e . c it.)  w h e n  c o n s id e rin g  in  a  ro u g h e r  w a y  th e  s lo w est e x p o n e n tia l  te r m  in  T h e  

co n s id e ra b le  d ifferen ce  b e tw e e n  th e  v a lu e  k =  4 4 . 1 0 -13 a n d  t h a t  d e r iv e d  b y  Ch a pm a n  

f ro m  th e  d iu rn a l  v a r ia t io n s  (3 -6 5 .1 0 -13) a p p e a rs  to  in d ic a te  a  r a p id  in c re a se  in  k  as  w e 

d e sc e n d  in  th e  e a r th .

Ta b l e  I I I a .— T h e  c a lc u la te d  v a lu e s  of th e  in d u c e d  fie ld  fo r  m a g n e tic  “ s to rm - t im e  ”  

v a r ia tio n s , w h e n  k =  4 4 .1 0 -13 e .m .u ., =  0*94, g =  1, c o m p a re d  w ith  th e

v a lu es  o b ta in e d  fro m  th e  o b se rv a tio n s .

j T im e in  h o u r s ...................................... ‘ 0  6 12 18 2 4  3 0
1 . . (.: ■

3 6 42 48

1 45  { e x p  ( — 9A 'T ) — e x p  ( — 64  A 'T )}  0 18* 2  j 2 5 - 4 2 7 -9  2 7 -8  2 6 -2 2 5 -8 2 3 - 4 2 1 1
_____

ex from  o b s e r v a t i o n s ........................  0 j 11 26 28  26  24 23 21 20

1_____

ix c a l c u l a t e d ......................................... | 0  j 6 -9 9 - 3
1

j  1 0 -4  9 - 4  8 - 5 7 - 8 6 - 7  | 6-2

i t fro m  o b s e r v a t i o n s .........................  0 3

H

10  11 9

1 1

8 7 7

T h e  fu r th e r  d e v e lo p m e n t of th e  th e o ry  w ill re q u ire  c o n s id e ra tio n  of a  m o re  c o m 

p lic a te d  core , in  w h ic h  k  v a r ie s  c o n tin u o u s ly , o r, if fo u n d  d e s ira b le  fo r  m a th e m a tic a l  

co n v en ien ce , d is c o n tin u o u s ly  f ro m  one la y e r  to  a n o th e r . B efo re  e x te n d in g  th e  

c a lc u la tio n s  in  th is  w a y , as  i t  is  o u r  in te n t io n  to  d o  in  a  f u r th e r  p a p e r , i t  is  d e s ira b le  to  

g a in  som e id e a  of th e  p ro b a b le  r a te  of v a r ia t io n  of k  w ith  d e p th , in  th e  re g io n  w h e re  th e  

in d u c e d  c u r re n ts  flow. O ne s te p  to w a rd s  th is  is  to  e x a m in e  th e  d e p th -d is t r ib u t io n  of 

th e  in d u c e d  c u r re n ts  in  th e  tw o  cases of th e  d a ily  a n d  th e  s to rm -t im e  v a r ia t io n s , u s in g  

th e  o rig in a l s im p le  m o d e l of th e  e a r th , g iv e n  b y  (34). T h is  w ill a lso  se rv e  to  in d ic a te  

th e  d e p th s  fo r  w h ic h  th e se  m a g n e tic  v a r ia t io n s  a re  lik e ly  to  afford  in fo rm a tio n .

6. Th e  D i s t r i b u t i o n  o f  In d u c e d  Cu r r e n t s  w i t h i n  t h e  E a r t h .

(a ) T h e  D iu rn a l  V a ria tio n s .

6.1. T h e  c u r re n t-d e n s i ty  i  a t  a n  in te rn a l  p o in t  P , g iv e n  b y  0, X, d u e  to  in d u c tio n  

b y  th e  e x te rn a l  fie ld  re p re se n te d  b y  th e  re a l  p a r t  of

(41) E np,frna ~ n+1eLatJ)np(cos 6) cos ( p X  +  a ) ,

E / ’ “ b e in g  a  co m p le x  n u m b e r , is  g iv e n 9 b y  th e  re a l  p a r t  of

<42) i = F w S & ) r H r a d W N e ) e o i ( f l + ' li;
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w h ere  r  d en o tes  th e  p o s itio n  v e c to r  of th e  p o in t  re la tiv e  to  th e  e a r th ’s c en tre , a n d  A 

is  th e  sign  u sed  fo r v e c to r -m u ltip lic a tio n  of v ec to rs , w hile

(43) k 2 —  — 47c/aa,

(44) R„ (z2) =  2 n+i r  (n  +  f )  z -* ~ * J n+i (z)

 ̂ z 2 ! ________ _______________

=  1 “  2 (2 n  - f  3) +  2 . 4  . +  3) +  5)

6.2. T h e  c u rre n t- in te n s ity  a t  r  is  g iv en  b y  th e  m o d u lu s  of (42), a n d  i ts  p h ase  b y  th e  

a rg u m e n t of (42) w ith  th e  fa c to r  6iat rem o v ed . S ince k  is  co m plex , a n d  th e re fo re  

also  R n (k2r2), th e  p h ase  as w ell as th e  in te n s i ty  of th e  c u rre n ts  v a rie s  w ith  d e p th . To 

d e te rm in e  th is  v a r ia t io n  i t  is  n ecessa ry  to  s e p a ra te  th e  re a l a n d  im a g in a ry  p a r ts  of 

R„ (k2r2).

I t  is  co n v en ie n t to  w rite

(45) x  =  i*hr =  (47tKa)4' r  =  (47r/cg2a 2a ) i p, 

w here

(46) P =  r/qa ,

so t h a t  p d en o tes  r  o r O P  ex p ressed  as  a  f ra c tio n  of th e  ra d iu s  (qa) of th e  c o n d u c tin g  

core. W h en  a is  g iv en  b y  (5 a ),as in  th e  cases h e re  considered , a n d  w h en  th e  c o n s t

(34) a re  a d o p te d  fo r th e  core,

(47) x  =  11*17 pj9*.

L e t th e  re a l a n d  im a g in a ry  p a r ts  of R n (k2r2), or R „ (— be d e n o te d  b y  R /  a n d  

R n* re sp ec tiv e ly . T h e n  fro m  (44) w e o b ta in

(48) R 0r =  (1 /2#) {exp (x j - \ /2 )  cos (#/-y /2 — tc/4) -f- ex p  (— sin  ( # / V 2 — t c/4)},

(49) E 0i =  (1 /2#) { ex p  (# /V 2 )s in  (# /- \/2  — w/4) +  ex p  (— # / V 2 ) cos W V 2 “  u /4 )}>

(50) R i f =  (3 /2#2) {exp ( # / y 2 )  s in  # / V 2 — ex p  (— # / \ / 2 )  s in  # / \ / 2 )

+  (3/2a?) { -  ex p  ( # / V 2 ) sin  W V 2 -  TC/4 ) ~  exP (— cos W V 2 -  V 4))*

(51) R 1i =  (3 /2#2) {— ex p  ( # / V 2 ) cos XI V 2  “  exP (“  x l V 2 ) cos XI V 2)

+  (3 /2#8) {exp ( # / V 2 ) cos (XI V 2 ~  W 4 ) +  exP ( ~  XI V 2 ) s in  ix I V 2 —  7t/4 )}’

w hile  fo r g re a te r  v a lu es of w, th e  co rresp o n d in g  v a lu es of R nr a n d  R nl a re  g iven  b y  th e

M AG N ETIC STA TE  O F T H E  IN T E R IO R  O F T H E  E A R T H . 4 4 5

r e c u r r e n c e  fo rm u la e

(62) R .r =  -  —  [R « - i  -  R « - d

(53) r „< =  [R rfl_1 -
X 2

3 m 2

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

9
 A

u
g
u
st

 2
0
2
2
 



4 4 6 S. CH A PM A N  A N D  A. T. P R IC E  O N  T H E  E L E C T R IC  A N D

6.3. T h e  v a lu e s  of th e  m o d u lu s  a n d  a rg u m e n t of R n fo r  th e  v a lu e s  p  1, 2, 3, 4,

a n d  n  =  p ,  p-f- 1, a t  v a r io u s  d e p th s  p ,  a re  g iv e n  in  T a b le  IV .

Ta b l e  IV . M oduli a n d  A rg u m en ts  of R w (— i x 2), w here x  —  11*17  p p - .

p = 1*0 0 - 9 0-8 0 - 7 0-6 0 - 5

^Mod . R 0 . 

A rg. R 0 .
1 2 0 -5

4 7 -5 °

p =  1=
M od. R 4 
A rg. R 4 .

3 0 - 4

6 -3 °

1 6 -7  

-  3 8 -5 °

9 -6 4  

-  83°

5 -6 5  

-  1 2 7 -5 °

3 - 4 4  

- 172°

2-20
-  2 1 5 -5 °  |

| M od. R 2 
LA rg. R s

12-0 
— 3 1°

7 -3 1  

-  75°

4 - 6 0  

- 1 1 8 -5 °

3 -0 2  

-  161°

2 -1 5  

-  2 0 3 -5 °

1 -5 2  

-  24 4°

HVIod. R j  

A rg. R ,
4 0 8

- 1 7 5 -5 °

p  =  2<
M od. R ,  . 

A rg. R 2 .

1 1 8 -2

— 2 0 7 °

5 2 - 2  

-  2 7 0°

2 3 -8

27°

11 -4  

-  3 5 -5 °

5 - 7 4  

— 97°

3 - 1 0  

-  158°

M od. R 3 . 

.A r g . R 3 .
4 5 -8

- 2 4 4 °

22-1
5 4 °

. -

11-2 
-  8°

5 - 9 4  

-  6 8 -5 °

3 -3 7  

-  1 2 8 -5 °

2 - 0 8  

-  1 8 6 -5 °

fM o d . R 2 . 

A rg. R 2 . |
8 12

-  6 4 -5 °

"~COII M od. R 3 . | 

A rg. R ,  . |
2 6 3

25 7°

99

179°

3 9 -7

104°

1 6 -3

2 7 -5 °

7 - 4 0

- 4 7 - 4 °

3 - 7 2  

-  120°

M od. R 4 . 

.A r g . R 4 . |
106

221°

44

145°

1 9 -1

70°

8 - 8 0  

-  5 -2 °

4 - 4 0  

-  7 7 -5 °

2 -3 6  

—  147°

M od. R 3 . J 

A rg. R ,  . 1
1 -2 6  X 1 0 3 

1 6 -3 °

p  —  4<
M od. R 4 . 

A rg. R 4 .
4 -4 8  X 102 

-  2 1 -4 °

1 -5 1  X 1 0 2 1 

-  1 0 9 -7 °

5 3 -6

—  1 9 7 -5 °

2 0 - 3  

-  2 8 4 -5 °

8 -3 8  

-  3 7 0 -4 °

3 - 8 5

— 4 5 4 -3 °

M od. R 5 . 

A rg . R 5 .
1 -8 7  X  1 0 2 

-  57°
6 9 -0  

-  1 4 4 -3 °

2 7 -2

- 2 3 1 - 0 °

1 1 -4

4 4 -0 °

5 - 2

-  3 9 -4 °

2-8
-  1 2 0 -4 °

B y  (42) th e  a m p litu d e  of th e  (p e rio d ic ) c u r r e n t  in te n s i ty  a t  P  is  a  c e r ta in  c o n s ta n t  

m u ltip le  of m o d  R n (& V ) r  A g r a d  rnP /  (cos 6) cos (pX +  a).

T he m ag n itu d e  of th e  v ec to r p ro d u c t is p ro p o rtio n a l to  rn, a n d  i ts  d ire c tio n  is th e  

sam e along a n y  ra d ia l line O P. H ence th e  am p litu d e  of th e  period ic  v a r ia tio n  of i  a t  

P  is p ro p o rtio n a l to  r n m od R re ( k 2r2), a n d  th e  ra tio  ( / )  of i ts  am p litu d e  to  t h a t  a t  th e  

p o in t P 0 in  w hich  O P  cu ts  th e  su rface  of th e  core is th e re fo re

(5 4 ) Pn m od {Rw (k 2r r ) [ R n (k 2q2a 2)} = f .

The values o f /  d e te rm in e d  from  T ab le  IV  a n d  (54) are  g iven  in  T ab le  V.
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6.4. T able  V  also co n ta in s  values of s, th e  difference of ph ase  b e tw een  th e  so u th  

com ponen t (— X e) of th e  ex te rn a l field, a n d  th e  eas te rly  c u rre n t in te n s ity  a t  th e  level p. 

T he va lue  of — X e is, b y  (7),

— E / ’ “ eiat -ff* ^ os ^  c o s  (p X  -j- cr). 
dd

S ince  th e  v e c to r  p ro d u c t  in  (42) is  p e rp e n d ic u la r  to  r ,  th e  c u r r e n t  i  is e v e ry w h e re  co n fin ed  

to  c o n c e n tr ic  sp h e ric a l shells. T h e  e a s te r ly  c o m p o n e n t of i  is

(55)
t*ocEnp> “ elal

(n  +  1) ( h y a * )
R n (k2r2) k rn

d p p (cos 6) 

dd
COS (pX 4 -  ct)

H ence, com paring  th e  a rg u m en ts  of th e  tw o  expressions, a n d  o m ittin g  re a l fa c to rs  of 

th e  sam e sign in  th e  tw o  formulae, we have

(56) s =  — a rg  (iR n ( k 2r 2)/R w_ x

=  a rg  R n_x { k y a 2) — a rg  R w — 90°

6.5. I n  fig. 6, th e  fu ll lin es  r e p r e s e n t / a s  a  fu n c t io n  of d e p th , fo r  th e  fo u r  h a rm o n ic s  

Pa1? P22) P 8? P54 I T a b le  V  show s t h a t  /  is  a lm o s t th e  sam e  fo r  P /  a n d  E PP+X. T h e

SU RF A CE  

0T EARTH
S U R F A C E ' 

O F CO RF C E N T R E
„  O F E A R T H  

T ** -* —t - . _ i

d e ep e r p e n e tr a t io n  of th e  c u r re n ts  in d u c e d  b y  th e  m o re  s lo w ly  v a ry in g  fie ld s is  w ell 

s h o w n ; th u s  th e  c u r re n t- in te n s i ty  fa lls  to  o n e - te n th  i t s  su rfa c e  in te n s i ty  a t  a  d e p th  

0 -3  qa  fo r  th e  2 4 -h o u r ly  h a rm o n ic s  P i1 a n d  P a1, w h ile  fo r  th e  6 -h o u rly  h a rm o n ic s  P 44 

a n d  P 54 th e  d e p th  is  o n ly  0 -1 4  qa  b e lo w  th e  su rfa ce  of th e  co re .

6.6. T a b le  V  show s t h a t  th e  v a lu e  of s a t  th e  su rfa ce  of th e  co re  is  a b o u t  50° fo r  a ll 

th e  e ig h t h a rm o n ic s , a n d  t h a t  e in c re a se s  w ith  d e p th , a t  a  r a te  w h ic h  is  n e a r ly  in d e p e n d e n t  

of n , b u t  in c re a se s  c o n s id e ra b ly  w ith  p ; fo r P i1 a n d  P 2X i t  is  a b o u t  43° p e r  ^  qa  in c re a se  

of d e p th , w h ile  fo r P 44 a n d  P 54 i t  is  a b o u t  85° ; th e  r a te  is  n e a r ly  in d e p e n d e n t  of d e p th  

(d o w n  to  \  qa), b u t  d ec rea se s  v e ry  s lig h tly  as  w e go d o w n w ard s . T h e  c h a n g e  of p h a se ,

 D
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as  w ell a s  of in te n s ity , of th e  in d u c e d  c u rre n ts  w ith  in c reas in g  d e p th  is i l lu s tr a te d  b y  

fig. 7, w h ich  re fe rs  to  th e  h a rm o n ic  P 32.

S U R F A C E  M A G N E T IC  F IE L D

PRIMARY

IN D U C E D

C U R R E N T  IN T E N S IT IE S

6.7. T h e  field  of th e  in d u c ed  c u rre n ts  a t  th e  e a r th ’s su rface  (r =  a) is  m ad e  u p  of 

c o n tr ib u tio n s  fro m  th e  c u rre n ts  a t  a ll d e p th s  w ith in  th e  core , th e  c o n tr ib u tio n  of th e  

d eep er la y e rs  is  sm all n o t  o n ly  b ecause  of th e  d o w n w ard  decrease  of th e  c u rre n t-  

in te n s ity , b u t  also  because  of th e ir  in c reas in g  d is ta n c e  fro m  th e  su rface . C onsider 

a  c u rre n t-sh e ll of in fin ites im a l th ic k n e ss  d  a n d  of ra d iu s  p ; i t  is  re a d ily  seen, fro m  

co n sid e ra tio n s  of d im ensions*  o r o therw ise , t h a t  th e  in te n s ity  of i ts  ow n m ag n e tic  field 

a t  a  p o in t  ju s t  o u ts id e  i ts  su rface  is  in d e p e n d e n t of th e  ra d iu s , b e in g  d e te rm in e d  solely 

b y  th e  v a lu e  a n d  d is tr ib u tio n  of i  over th e  shell. T h e  p o te n t ia lf  of th e  m ag n e tic  field  a t  

e x te rn a l p o in ts  w ill v a ry  as r~ (n+1), a n d  th e  in te n s ity  w ill th e re fo re  v a ry  as 

H en ce  a t  th e  e a r th ’s su rface  th e  in te n s ity  of th e  field due to  th e  shell w ill be  p ro 

p o rtio n a l to  (p qa/a)n+2i, a n d  i ts  r a t io  to  th e  in te n s ity  due  to  a  shell of eq u a l th ick n ess , 

s i tu a te d  a t  th e  su rface  of th e  core , is  {?q)n+2f-  V alues of th is  r a t io  are  g iven  in  

T ab le  V I.

* T h e d im en sion s  o f th e  m a g n etic  field  in te n s ity  an d  of th e  cu rrent in te n s ity  (in teg ra ted  over th e  th ick n ess  

of th e  cu rren t sh eet) are th e  sam e, w h ile  th e  o n ly  lin ear d im en sio n  th a t  ca n  en ter  in to  th e  re la tio n  b etw een  

th e m  is th e  radiu s o f th e  sp h ere, w h en c e  th e  resu lt fo llow s. T h e resu lt m a y  a lso  be p rov ed  d ir e c tly  from  

th e  b ou n d ary  con d it io n s.

f  I f  th e  m ed iu m  su rroun ding  th e  curren t sh e e t  is  co n d u ctin g , th e  to ta l m a g n etic  fie ld  a t  a n y  p o in t in  th e  

m ed iu m  d oes  n o t p ossess a sca lar p o te n t ia l, b u t w e  are co n cern ed  w ith  th e  fie ld  o f th e  curren t sh ee t on ly , 

an d  th is  d oes  p ossess a  p o te n tia l.

 D
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I a b l e  V I. T he R e la tiv e  V alues of th e  m ax im u m  co n tr ib u tio n s  to  th e  su rface m agnetic  

field from  c u rre n ts  in  layers  of equal (infin itesim al) th ick n ess  a t  v arious  dep th s.

p  I

1 P l 1  1

P a 1 P a 2

|

P 32

I

! P a 3 P « 3 P 4 4

1____________ | L z l J
Pi (c/.§  7.5)1

j (a p er io d ic ).
|

1-0  I 1 1 1 1 1 1 1 1 1
0 -9 0-359 0-324 0-235 0-207 0-162 0-145 0-118 0-104 j 0-422
0-8  j 0-125 0-100 0-053 0-041 0-025 0-019 0-013 0-010 0-198
0-7 0*042 0-034 | 0-013 0-009 0-004 0-003 0-002 0-001 0-091
0-6 0-014 0-008 | 0-002 0-001 0-043

0-019° ’5
0-004 0-002

|

6.8. B y  in te g ra tin g  (?q)n+° - f  over successive layers  of th e  core each  of th ick n ess  

A s  Va >a n d  expressing  th e  re su lt as a  percen tag e  of th e  in teg ra l over th e  w hole range

(p — 1 to  p — 0), a n  ap p ro x im a te  id ea  is o b ta in e d  of th e  re la tiv e  in te n s itie s  of th e  

fields of these  layers  a t  th e  e a r th ’s su rface  ; th e  re su lts  a re  g iven  in  T ab le  V II . I t

Ta b l e  V II. T he re la tiv e  in ten sitie s  of su rface m ag n e tic  fields due  to  th e  c u rre n ts  in

shells each  of th ick n ess  0*1

1 II

S h ell . P T P a 1 P a 2

I

P 32

I I

P a 3

I

j

P 4 3

1
p ,  | P 54 || Pi (c/; § 7 .5 )  j  

li (a p er io d ic ).

1 - 0 - 0 - 9 66 70 77 78 1 82

j

84 86 I 89 56
0 • 9 - 0 • 8 23 22 18 1 7 -5 16 14 13 11 25 * 5
0 • 8 - 0 • 7 8 6 -5 4 4 2 2 1 11 -5
0 • 7 - 0 • 6 2 1*5 1 0 - 5 n

0 - 6 - 0 - 5 1
0

9
S um 100 100 100 100 100 100 100 100

u

100

a p p e a rs  t h a t  a b o u t  90 p e r  c e n t, of th e  su rfa ce  field  com es fro m  th e  c u r re n ts  in  th e  

u p p e r  p a r t  of th e  core , d o w n  to  a  d e p th  of ^  qa  o r less. T h e  c u r re n ts  a t  a  d e p th  of h a lf  

th e  r a d iu s  of th e  core , o r be low  th is  level, a re  of n o  im p o r ta n c e  in  d e te rm in in g  th e  

in d u c e d  fie ld  a t  th e  su rface .

6.9. T h e  re s u lts  in  T a b le  V I I  a re  n o t  q u ite  a c c u ra te , b eca u se  in  in te g ra t in g  th ro u g h  

e ac h  la y e r , th e  c o n tin u o u s  v a r ia t io n  of p h a se  w ith  d e p th  sh o u ld  b e  ta k e n  in to  a c c o u n t ; 

th e  e rro r  is  sm all, h o w ev er, b e ca u se  th e  r a te  of ch an g e  of e, a n d  th e  p ro p o r t io n a l  r a te  

of ch an g e  of / ,  a re  n e a r ly  in d e p e n d e n t  of d e p th . B u t  in  c o n s id e rin g  n o t  m e re ly  th e  

re la t iv e  in te n s it ie s  of th e  su rfa ce  field s d u e  t o  th e  se v e ra l la y e rs , b u t  th e i r  a c tu a l  c o n 

tr ib u t io n s  to  th e  w ho le  in d u c e d  fie ld  a t  th e  su rfa ce , th e  d iffe ren ces  (8) of p h a se  b e tw e e n  

th e  r e s u l ta n t  in d u c e d  field , a n d  th e  p a r t ia l  fie ld s of th e  d iffe re n t la y e rs , sh o u ld  b e  t a k e n  

a c c o u n t of, b y  a p p ly in g  th e  fa c to r  cos 8 a p p ro p r ia te  to  e a c h  la y e r .

T he phases e0 of th e  re su lta n t in d u ced  fields, re la tiv e  to  th e  e x te rn a l p r im a ry  field, 

are  g iven  in  th e  firs t row  of T ab le  V I (th e y  are  th e  a rg u m en ts  of I 8/ E , : cf. (9)). T hey

 D
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re p re s e n t  a  w e ig h ted  m e a n  of th e  p h ases  s of th e  c u rre n t-sh e e ts  a t  th e  d iffe ren t d e p th s . 

S ince th e  d ifference  of m e a n  p h a se  in c reases  b y  a b o u t  90 p e r  c en t, o n  d escen d in g  th ro u g h  

hqa  fo r P p  or P 2X, a n d  th ro u g h  -faqa, fo r  P 44 or P 54, i t  is  c lea r t h a t  th e  c o n tr ib u tio n  of 

th e  th i r d  la y e r  fro m  th e  to p  in  th e  fo rm er case, a n d  th e  second  la y e r  in  th e  la t te r ,  w h en  

c o m b in ed  w ith  th e  c o n tr ib u tio n  of th e  f ir s t la y e r , w ill sca rce ly  a l te r  i ts  in te n s ity , b u t  w ill 

m e re ly  in c rease  th e  p h ase . S till low er la y e rs  w ill a c tu a lly  red u ce  th e  in te n s ity , b u t  b y  

a  v e ry  sm all a m o u n t b ecau se  of th e  ra p id  d o w n w ard  decrease  of {pq)p+2f .

T h e  re la tiv e  a c tu a l  c o n tr ib u tio n s  of th e  v a rio u s  la y e rs  to  th e  in te n sity  of th e  su rface  

in d u c e d  field  a re  g iv en  in  T ab le  V III . T h is  is  o b ta in e d  b y  c o n s tru c tin g  a  T ab le  

(ana logous to  Y I) of (p?)ra+2/ c o s  8, a n d  th e n  in te g ra t in g  as in  c a lc u la tin g  T ab le  Y I I ; 

th e  la y e rs  a re , h ow ever, ta k e n  of h a lf  th e  th ic k n e ss , n a m e ly  -2-0- T h e  sam e ta b le  

show s th e  co rresp o n d in g  v a lu es  of th e  “  tra n s v e rse  ”  co m p o n en ts  of th e  c o n tr ib u tio n s , 

ex p ressed  as f ra c tio n s  of th e  r e s u l ta n t  in te n s i ty  ; i t  is  o b ta in e d  b y  in te g ra tin g  (pg,)”+2 

/ s i n  8 o v er th e  successive  lay ers , a n d  d iv id in g  b y  th e  co m p le te  in te g ra l of (p f  cos 8 ; 

th e  p o s itiv e  sign  in d ic a te s  a  c o n tr ib u tio n  w h ich  te n d s  to  ad v an c e  th e  p h ase  of th e  

r e s u l ta n t  in d u c e d  field.

7. Th e  D i s t r i b u t i o n  o f  t h e  In d u c e d  Cu r r e n t s  w i t h i n  t h e  Co r e .

(6) The  S to rm -tim e  Varia tions.

7.1. A n  e x te rn a l field  h a v in g  th e  p o te n tia l  fu n c tio n  (cf. (20))

(57) E w,n {1 — ex p  (— XmjB£)} [rn/an x) P w (cos 0)

in d u ces  c u rre n ts  w h ich  flow so le ly  in  th e  e a s te r ly  h o riz o n ta l d ire c tio n  a t  each  p o i n t ; 

th e  c u rre n t-d e n s ity  is  9

(58)
f R n ( f tV wr 2/<72a 2) 

1 R n - l ( P V « )
ex p  ( — 'km>nt)

I o (Qn 1 1  \ V Rn (%2w,sf 2/g 2a 2) ex p  (— ln,st ) ) *Xm,wE d P w (cos 0) 

* -  i ( x \ s — p2w,«) R n + 1 )  2n" V _1 dd

in  th e  n o ta tio n  of § 3 a n d  § 6.

W h en  \ m>n is  e q u a l to  one of th e  n u m b e rs  ln>s, say  ln>m, so t h a t  also  (3TO;Jl =  x n>m, 

th e  te rm  s =  mm u s t b e  o m itte d  fro m  th e  su m m a tio n , a n d  th e  f irs t te rm  in  th e  b ra c k e t 

m u s t b e  re p la ce d  b y

(59)
f (2n  +  l ) { 2 B w_ 1 

I 4£2
( * ) R  M Rn (^) t |  2 (2 H~ 1) 

4tc/c [>.q2a* J R ^ {x2n> m)
exp  (— ln!mt),

w here z =  x \ mr2lq2a 2. 
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O n ly  t h e  f ir s t  h a r m o n ic  w i l l  b e  c o n s id e r e d , a n d  s in c e  (§ 5 .2 )

, « =  sn ,

Xm,n =  A m 2, a n d  (5 8 )  t a k e s  t h e  s p e c ia l  fo rm

(6 0 ) l )m (2R 0 (m2n2P2) —  R x (w 2t t 2p 2) —  ■|Am2iR 1 (m27c2p2)}^7rm 2p exp (— AmH)

£ ,  ( -  l ) g  E j  ( r t t , p l) (_  A sH )

s - i  4 ( s 2 —  m 2)

i  s in  6 _  E m, !  s in  6 j  , p, , 

qa qa

The functions R 0 an d  R x are as follows

( 6 1 ) R 0 (s% 2p2) —  s in  (g7rP)
S7rp

( 6 2 ) E i ( s % V )  =  - A - ;  j sm  (CTp) -  cos (o t p) } .
S 27 l 2 p 2 [  STCp J

7 .2 .  T h e  fo r m u la  (6 0 )  h a s  b e e n  u s e d  t o  c a lc u la t e  t h e  c u r r e n t  d i s t r ib u t io n  d u e  t o  t h e  

e x t e r n a l  ”  f ir s t  h a r m o n ic

(63) 40 (e-A< — e-9A<) r  cos 0 =  cos 0,

w h ich  co rresp o n d s to  th e  second  p a r t  of (36). T h e  f irs t p a r t  of (36) is  n o t  co n sid e red  

in  th is  sec tio n  of o u r w ork , in  o rd e r to  red u ce  th e  la b o u r  of c o m p u ta tio n  ; th e  f ir s t p a r t  

re p re se n ts  th e  in i t ia l  ra p id  p h ase  of th e  s to rm -tim e  changes, w h ich  in d u ces  a  fleeting , 

shallow  c u r re n t sy s te m  in  th e  core , w h ereas  w e a re  h e re  ch iefly  in te re s te d  in  th e  m ore  

e n d u rin g  a n d  d eep er ly in g  c u r re n t sy s te m  in d u c e d  b y  th e  m a in  p h ase  of th e  s to rm -tim e  

field .

7.3. T h e  g ra p h  of 40 (e_9A< — e~M) is  re p re se n te d  in  th e  u p p e r  p a r t  of fig. 8 ; if 

is  m e asu re d  fro m  th e  fo u r th  h o u r  a f te r  th e  co m m en cem en t of th e  s to rm , th is  g ra p h  

(m a rk e d  e j  ag rees fa ir ly  w ell w ith  th e  o b serv ed  v a lu es  of th e  e x te rn a l f irs t h a rm o n ic  

(in d ica te d  b y  sm all circles). D u rin g  th e  second  d a y  (63) decreases r a th e r  to o  ra p id ly , 

b u t  i t  ag rees w ell w ith  o b se rv a tio n  d u rin g  th e  firs t d ay , w h ich  is  th e  p e rio d  of chief 

im p o rtan c e  fo r  o u r im m e d ia te  p u rp o se .

The coefficient i x of (a?/r2) cos 0 in  th e  po ten tia l of th e  induced  field w as calcu lated  

as in  § 5, an d  its  g raph  is show n as ixin  fig. 8.

7.4. T he induced  cu rren t-in ten sity  in  th e  core is

40 sin  0 T ,x _  40 sin  0 fX  ̂ T /Q „w
(64) ---------- I ( p )  = ---------- (1 ( 1 ,  p ) — 1 (3 , p)}.
x 7 qa qa

T h e  v a lu es  of I  (p) c a lcu la ted  fro m  (60, 64) fo r v a rio u s  d e p th s  in  th e  core a n d  fo r tim es
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u p  to  96 h o u rs  a re  g iv e n  in  T a b le  I X  a n d  i l lu s t r a te d  in  fig. 8 ; T a b le  I X  a lso  c o n ta in s  

th e  c o rre sp o n d in g  v a lu e s  of ex a n d  i x.

F ig . 8 show s t h a t  th e  in d u c e d  c u r re n ts  n e a r  th e  surface  of th e  co re  r a p id ly  a t t a in  

th e i r  m a x im u m  a b o u t  te n  h o u rs  b e fo re  th e  in d u c in g  fie ld  re a c h e s  i t s  m a x im u m ; b y

S U R F A C E  M A G N E T I C  F I E L D

12  H O U R S 7 2  H O URS

10 -
CURRENT IN TE N S ITIE S

0 -5  -

th is  t im e  th e  su rfa ce  c u r re n ts  h a v e  fa lle n  to  h a lf  th e i r  m a x im u m  v a l u e ; th e y  fa ll  to  

zero  a t  a b o u t  33h , a n d  a t t a in  a  sm a ll n e g a tiv e  m a x im u m  a t  a b o u t  64h , a f te rw a rd s  te n d in g  

s lo w ly  to  zero . S im ila r  c u rre n t-c h a n g e s  o c cu r a t  p o in ts  w ith in  th e  co re , b u t  m o re  

s low ly , a n d  w ith  sm a lle r  c u r r e n t  in te n s it ie s , as  w e go d o w n w ard s .

F ig . 9 i l lu s tr a te s  th e  c h a n g in g  d is t r ib u t io n  of c u r r e n t  in  a n o th e r  w ay , sh o w in g  th e  

c u r re n t- in te n s i ty  as  a  fu n c t io n  of d e p th  (fro m  S th e  su rfa ce  to  0  th e  c e n tre  of th e  co re) 

a t  d if fe re n t tim e s . T h e  e x te rn a l  fie ld  m a y  b e  s a id  to  p ro d u c e , b y  i t s  r a p id  rise , a  p u lse  

of c u r r e n t  w h ic h  is  t r a n s m i t te d  in w a rd s , w ith  d e c re a s in g  i n t e n s i t y ; a n d  la te r ,  b y  i ts  

slow  d ecay , a  m u c h  w e ak e r p u lse  of th e  o p p o s ite  sign .

7.5. T h e  re la t iv e  v a lu e s  of th e  (n o n -s im u lta n e o u s)  m a x im u m  c o n tr ib u t io n s  of 

su ccessiv e  c u r re n t- la y e rs  to  th e  in d u c e d  fie ld  a t  th e  e a r th ’s su rfa ce  h a v e  b e e n  c a lc u la te d  

as  in  § 6.8. a n d  a re  g iv e n  in  T a b le  V I I ; th e  in te rm e d ia te ly  c a lc u la te d  q u a n t i t ie s  

r e la t in g  to  th in  sh e lls  a re  g iv e n  in  T a b le  V I, i .e ., th e  v a lu e s  of ( p q f f ,  w h e re  f  is  th e  

r a t io  of th e  m a x im u m  o rd in a te  of th e  c u r re n t-c u rv e  a t  th e  lev e l p, in  fig. 8, to  th e  

m a x im u m  o rd in a te  fo r  th e  su rfa ce  c u r r e n t  (p =  1).

I t  a p p e a rs  f ro m  T a b le  V I I  t h a t  th e  c u r re n ts  in d u c e d  b y  th e  s to rm - t im e  fie ld , a t  

d e p th s  a s  g re a t  as  o n e - th ird  th e  ra d iu s  of th e  core , w o u ld  (if k  w ere  u n ifo rm ) m a k e  

m e a su ra b le  c o n tr ib u t io n s  to  th e  su rfa c e  field .

7.6. T h e  c u r r e n t  s y s te m  in d u c e d  b y  th e  s to rm -t im e  fie ld  d iffers  f ro m  t h a t  of th e  

d a ily  m a g n e tic  v a r ia t io n s , p a r t ic u la r ly  in  t h a t  th e  re la t iv e  im p o r ta n c e  of th e  d e ep e r

 D
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la y e rs  in c re a se s  n o ta b ly  w ith  t im e  ; c/, th e  d is t r ib u t io n  (fig. 9) a t  30h , w h e n  th e  in d u c e d  

fie ld  (fig. 8) is  s t i l l  c o n s id e ra b le .

T h e  m a x im u m  c u r re n t  in te n s i ty  a t  e a c h  lev e l, re la t iv e  to  th e  m a x im u m  in te n s i ty  

a t  th e  su rfa ce  of th e  co re , in  th e  case  of th e  s to rm - t im e  fie ld , is  sh o w n  in  fig. 6 b y  th e  

d o t te d  lin e  ; th e  d e e p e r  p e n e tr a t io n  of th e  a p e r io d ic  c u r r e n t  sy s te m , c o m p a re d  w ith  

t h a t  of th e  d a ily  p e rio d ic  v a r ia t io n s , is  w ell sh o w n .

F u r th e r ,  figs. 7 a n d  8 in d ic a te  t h a t ,  a t  t h e  tim e s  w h e n  th e  in d u c e d  fie lds a t  th e  e a r th ’s 

su rfa ce , fo r  th e  a p e r io d ic  h a rm o n ic  P x a n d  th e  p e rio d ic  h a rm o n ic  P 32, a re  a t  th e i r  

m a x im u m , th e  c u r r e n t  in te n s it ie s  a re  d is t r ib u te d  in  d e p th  a s  fo llow s :—

D e p th  fro m  su rfa ce  of co re  . .  0 0 -1  0*2  0 -3

P x (a p e rio d ic ) . .  . .  1 0 -7 7  0 -4 3  0*05

P 32 (p e rio d ic ) . .  . .  l  0*40  0 -0  — 0 -0 1

7.7. I t  is  of in te r e s t  to  d e te rm in e  th e  n u m e ric a l v a lu e  of th e  m a x im u m  c u r re n t-  

d e n s ity  d u e  to  th e  s to rm - t im e  v a r ia t io n s . T h is  o c cu rs  a t  th e  su rfa c e  of th e  co re , in  th e  

e q u a to r ia l  p la n e , a b o u t  th re e  h o u rs  a f te r  th e  m a in  p h a s e  b e g in s , a n d  a b o u t  t e n  h o u rs  

b e fo re  th e  l a t t e r  a t t a in s  i t s  m a x im u m .

T h e  m a x im u m  v a lu e  of I  (p) is  0*52, a t  p =  1 ; s u b s t i tu t in g  th is  in  (64), a n d  a lso  

in s e r t in g  th e  v a lu e s  of 0 ( =  \  n)a n d  qa,  th e  c

3 .1013 e .m .u .

8. Th e  E l e c t r i c a l  Co n d u c t i v i t y  o f  t h e  E a r t h .

8.1. T h e  c a lc u la tio n s  of §§ 6, 7, h a v e  b e e n  m a d e  o n  th e  b a s is  of a  u n ifo rm ly  c o n d u c tin g  

co re  of r a d iu s  0 - 9 6  a  a n d  c o n d u c t iv i ty  3-65 .1C T 13. T h ese  v a lu e s  a re  in  a c c o rd  w it

th e  fie ld  of th e  d iu rn a l  m a g n e tic  v a r ia t io n ,  b u t  th e  s to rm - t im e  fie ld  h a s  b e e n  seen  (§ 5) 

to  re q u ire  a  h ig h e r  c o n d u c t iv i ty  (4 4 .1 0 -13) fo r  a  co re  of a lm o s t e x a c t ly  th e  sam e  size. 

T h e  d is c re p a n c y  in d ic a te s  t h a t  th e  co re  c a n n o t  b e  u n ifo rm ly  c o n d u c tin g .

T h e  c a lc u la tio n s  of §§ 6, 7, in d ic a te  t h a t ,  in  th e  a s su m e d  co re , th e  c u r re n t- s y s te m  

a sso c ia te d  w ith  th e  s to rm - t im e  fie ld  p e n e tr a te s  d e e p e r  th a n  t h a t  of th e  d a ily  m a g n e tic  

v a r ia t io n s . T h is  is  a  g e n e ra l r e s u l t  w h ic h  w o u ld  b e  fo u n d  w h a te v e r  th e  a ssu m e d  

p ro p e r tie s  of th e  core , b e ca u se  th e  s to rm - t im e  v a r ia t io n s  a re  a p e r io d ic  a n d  s lo w er t h a n  

th e  d a ily  p e rio d ic  v a r ia t io n s . I f  th e  c u r re n t- s y s te m  w h ic h  p e n e t r a te s  m o re  d e e p ly  

in d ic a te s  a  h ig h e r  v a lu e  fo r  k , assu m in g  a  u n ifo rm  co re  of d e fin ite  size, t

in fe r re d  t h a t  k  in c re a se s  d o w n w ard s .

T h e  p h ase -d iffe ren ce  b e tw e e n  th e  p r im a ry  a n d  in d u c e d  p a r t s  of th e  fie ld  of th e  d a ily  

m a g n e tic  v a r ia t io n s  d e te rm in e s  th e  o rd e r  of m a g n itu d e  of k  a t  th e  le v e l w h e re  th e  

in d u c e d  fie ld  is  m a in ly  p ro d u c e d . T h e  a m p li tu d e - ra t io  th e n  fixes th e  d e p th  of th is  

level. I n  § 6 i t  a p p e a re d  t h a t  th e  in d u c e d  fie ld  w as  m a in ly  p ro d u c e d  b e tw e e n  th e  

su rfa c e  of th e  co re  (r —  0 • 96u) a n d  th e  lev e l =  0 • 80a. T h e  c a lc u la te d  v a

3*65.10 13, m a y  b e  ta k e n  to  re fe r  to  a  lev e l of a b o u t  0 • 95a , s in ce  th e  c u r r e n t  sy s te m ,
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p a r tic u la r ly  fo r  th e  h ig h e r  h a rm o n ic s , is  m o s t in te n se  n e a r  th e  su rface  of th e  core. 

I f  k  is  in c re a s in g  d o w n w ard s, so  t h a t  a t  0 -9 6 a  i t  is  s lig h tly  less th a n  3 -6 5 .1 0 "13, a n d  

d ec id ed ly  g re a te r  th a n  th is  be low  0 -9 5 a , th e  th ic k n e ss  of th e  effective  p a r t  of th e  

c u r re n t  sh e e t w ill b e  less th a n  t h a t  i l lu s tr a te d  b y  T ab le  V II .

T h e  in d u c e d  s to rm -tim e  field  co rre sp o n d s  to  a  u n ifo rm  core  in  w h ich  k  =  4 4 . 10~13 

below  0• 94a, b u t  if k  does n o t  rise  b e y o n d  3 - 6 . 10~13 til l  a b o u t 0*95a, th e  excess 

c o n d u c tiv ity  re q u ire d  to  e x p la in  th e  re la tiv e ly  la rg e  in d u c e d  field  m u s t exceed 4 4 . 10~13 

a t  th e  level w h ere  th e  m a in  in d u c e d  c u r re n ts  a re  s i tu a te d . T h is  level is  n o t below  

0 • 80a, acco rd in g  to  § 7 a n d  fig. 9, in  th e  f ir s t  d a y  of a  s to rm  ; b u t  as th e  core  a p p ea rs

F ig . 9.

to  be  m u c h  m ore  c o n d u c tin g  th a n  th e re  assu m ed , th e  level m u s t be  ab o v e  th is . W ith o u t 

e x a c t c a lcu la tio n s  of th e  in d u c tio n  in  a  sp h ere  of v a ria b le  c o n d u c tiv ity , su ch  as w e 

p ro p o se  to  m ak e , i t  is  n o t  possib le  to  fo rm  sa tis fa c to ry  e s tim a te s  of k a t  levels of 0 • 9a 

o r b e lo w ; b u t  i t  is  c lea r t h a t  th e  m a g n e tic  ev idence  in d ic a te s  a  ra th e r  ra p id  ra te  of 

in c rease  of k w ith  d e p th  b e tw ee n  0*96a a n d  0 • 90a. T h e  slow  decrease  of th e  in d u ced  

c u rre n ts  in  th e  d a y s  su cceed ing  a  m a g n e tic  s to rm  m a y  b e  asc rib ed  to  th e  passage of 

th e  c u rre n t-p u lse  (fig. 9) in to  d eep er reg io n s  of h ig h e r a n d  h ig h er co n d u c tiv ity .

I t  is  in te re s t in g  to  sp ec u la te  o n  w h e th e r  th e  d o w n w ard  in crease  of k is  due  to  som e 

fu n d a m e n ta l  p ro p e r ty  of m a t te r  w h en  su b jec te d  to  th e  h ig h  te m p e ra tu re s  a n d  in ten se  

p ressu res  ex p erien ced  a t  th e se  d e p th s .*

9. E l e c t r o ma g n e t ic  In d u c t i o n  b y  Cu r r e n t s  i n  t h e  Au r o r a l  Zo n e s .

9.1. Ch a pma n  a n d  Wh i t e h e a d  ( loc . cit.) h av e  considered  th e  c u rre n ts  a n d  

field  in d u c ed  d u rin g  th e  s e tt in g  u p  of e lec tric  c u rre n ts  in  th e  a u ro ra l zones. Such

* Cf. th e  G uth rie le c tu re  b y  P . W . B r i d g ma n  on th e  “ E ffec ts o f p ressure on  th e  p rop erties o f m a tter ,

* P roc. P h y s . S o c . /  41, 341 , 1929 .
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c u rre n ts , of th e  o rd e r  of m a g n itu d e  I 0 6 am p ere s , a re  k n o w n  to  e x is t  in  th e se  zo n es d u r in g  

m a g n e tic a lly  d is tu rb e d  p e rio d s . T h o u g h  th e ir  d ire c t  m a g n e tic  fie ld  is  c o n s id e ra b le  

in  a u ro ra l  la t i tu d e s ,  i t  r a p id ly  d ecrea se s  to w a rd s  lo w  la t i tu d e s , a n d  in  th e  t ro p ic s  is  

p ra c t ic a l ly  n eg lig ib le . T h e ir  c a lc u la tio n s  led  to  th e  co n c lu s io n  t h a t  th e  in d u c e d  fie ld , 

h o w ev er, m a y  be  of im p o r ta n c e  in  low  la t i tu d e s , b e in g  co m p o se d  m a in ly  of th e  h a rm o n ic  

P 1? a n d  th e re fo re  in c re a s in g  to w a rd s  th e  e q u a to r . T h is  c o n c lu s io n  is  e rro n e o u s , a n d  

w as d u e  to  a n  e r ro r  in  th e  a n a ly s is  ; th e  te rm s  re p re se n tin g  th e  c o m p le m e n ta ry  fu n c tio n , 

o r “  free  m o tio n ,”  in  th e  in d u c e d  c u r re n ts ,  w ere  in c o rre c tly  ch o sen , so  t h a t  th e  c o n d itio n  

of n o  in i t ia l  c u r r e n t  in  th e  core , a t  a ll d e p th s , w as  n o t  s a tis f ied  in  th e i r  so lu tio n . T h e  

p ro b le m , im p e rfe c tly  t r e a te d  b y  th e m , is  v e ry  co m p le x , a n d  a n  a c c u ra te  s o lu tio n  is  

a lm o s t im p ra c tic a b le . I t  m a y  b e  sh o w n , h o w e v e r, t h a t  if  th e  in d u c in g  fie ld  is  n eg lig ib le  

in  low  la t i tu d e s ,  th e  in d u c e d  fie ld  m u s t  a lso  b e  sm a ll.

T h e y  sh o w ed  t h a t  w e s te r ly  c u r re n ts  o f a m o u n t  i  (in  e .m .u .) , in  e a c h  of th e  tw o  a u ro ra l  

zo n es, w o u ld  to g e th e r  p ro d u c e  a  m a g n e tic  fie ld  of w h ic h  th e  p o te n t ia l ,  n e a r  th e  e a r th ’s 

su rfa c e , is

&  (Znr" /a«-1)Pn (cos 6)
n  ~  1

w h ere  th e  Z ’s a re  k n o w n  n u m e ric a l coeffic ien ts  th e i r  T a b le  I I ) .

I f  th e  z o n a l c u r re n ts  v a ry , th e re  w ill b e , in  a d d it io n  to  th e  d ire c t  m a g n e tic  fie ld  of 

th e se  c u rre n ts , a n  in d u c e d  m a g n e tic  fie ld , of w h ic h  th e  p o te n t ia l  (22)) is

s  ( ^ x +2/ r M+1) P w(c o s e ) .
n = 1

F ro m  § 3.6, i t  a p p e a rs  t h a t ,  w h a te v e r  th e  v a lu e s  of k  a n d  p , th e  t im e  fa c to r  (fo r th e  

p e r io d  d u r in g  w h ic h  i  is  v a ry in g )  c a n  o n ly  in  v e ry  e x c e p tio n a l c irc u m s ta n c e s  e

iZ nnqZn+1l(n  - j -  1), a n d , e v en  th e n , o n ly  b y  a  sm a ll q u a n t i ty ,  w h ile , in  g e n era l, i t  w ill 

b e  less t h a n  th is .  F u r th e r ,  in  th e i r  m e m o ir  i t  w as  fo u n d  t h a t  Z x w as so sm a ll t h a t  th e  

c o n tr ib u t io n  of th e  c o rre sp o n d in g  f ir s t  h a rm o n ic  te r m  to  th e  d ire c t  fie ld  of th e  z o n a l 

c u r re n ts  w as  neg lig ib le . I t  fo llow s t h a t  th e  f ir s t  h a rm o n ic  te r m  in  th e  in d u c e d  fie ld  

w ill a lso  b e  n eg lig ib le .

W h ile  th e  z o n a l c u r re n ts  a re  v a ry in g , th e  d is t r ib u t io n  of th e  “  in te rn a l  ”  p a r t  (H {) 

of th e  h o r iz o n ta l  c o m p o n e n t of th e  su rfa ce  fie ld  w ill b e  ro u g h ly  s im ila r  to  t h a t  of th e  

e x te rn a l  p a r t  (H e), e x c e p t t h a t  th e  h ig h e r  h a rm o n ic s  c o n tr ib u t in g  to  H* w ill p ro b a b ly  

b e  in c re a se d  s lig h tly  in  re la t iv e  im p o r ta n c e , o w ing  to  th e  fa c to r  +  1) in  i>n. T h e  

e x te rn a l  p a r t ,  H e, i .e ., th e  h o r iz o n ta l  c o m p o n e n t of th e  d ire c t  fie ld  o f th e  z o n a l c u r re n ts ,  

h a s  n eg lig ib ly  sm a ll v a lu e s  fo r  la t i tu d e s  less t h a n  50° (cf. th e i r  T a b le  I I I ) ; th e  sam e  m u s t  

th e re fo re  b e  t r u e  of H *. H e n ce  w e m u s t  c o n c lu d e  t h a t ,  c o n tr a ry  to  th e i r  o r ig in a l 

co n c lu s io n , v a ry in g  e lec tr ic  c u rre n ts , in  c irc u its  a p p ro x im a te ly  c o in c id in g  w ith  th e  

a u ro ra l  zones, c a n n o t  g ive  rise , b y  e le c tro m a g n e tic  in d u c tio n  w ith in  th e  e a r th ,  to  

a p p re c ia b le  m a g n e tic  fields in  lo w  la t i tu d e s .
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C o m p u ta tio n s  h a v e  a lso  b e en  m ad e  of th e  in d u c e d  m a g n e tic  field  ju s t  in sid e  a 

c o n d u c tin g  sp h erica l shell, ta k e n  to  re p re se n t a  c o n d u c tin g  la y e r  in  th e  u p p e r  a tm o sp h ere . 

T h ese  c o m p u ta tio n s  w ere  o rig in a lly  u n d e r ta k e n  to  te s t  th e  c o n jec tu re  in  th e ir  § 4. 

I n  v iew , h o w ev er, of th e  ab o v e  conclusions, i t  is  u n n e c e ssa ry  to  g ive  th e  d e ta ile d  re su lts  

of th e se  c o m p u ta tio n s  : as  ab o v e , i t  a p p e a re d  t h a t  th e  in d u c e d  m a g n e tic  field  w ou ld  

b e  in a p p re c ia b le  in  low  la titu d e s .

I t  is  th u s  c lea r t h a t  th e  s to rm -tim e  v a r ia t io n s  of th e  m a g n e tic  field  in  low  la ti tu d e s  

c a n n o t b e  d u e  to  c u rre n ts , in d u c e d  e ith e r  in  th e  e a r th  or in  a  c o n d u c tin g  la y e r  of th e  

a tm o sp h e re , b y  v a ry in g  p r im a ry  c u rre n ts  in  th e  a u ro ra l zones.

%

10. N o t e  o n  Ma r i s  a n d  H u l b u r t ’s  Th e o r y  o f  Ma g n e t ic  St o r ms .

I n  a  re c e n t p a p e r  Ma r i s  a n d  H u l b u r t 13 h av e  fo rm u la te d  a  new  th e o ry  of te r re s tr ia l  

m a g n e tic  s to rm s , w h ich  th e y  a sc rib e  to  th e  a c tio n  of u ltr a -v io le t  so la r ra d ia tio n . 

I n  d ev elo p in g  t h a t  p o r tio n  of th e ir  th e o ry  w h ich  re la te s  to  th e  s to rm -tim e  v a r ia tio n s  of 

th e  d is tu rb a n c e  field, th e y  a t t r ib u te  im p o r ta n t  effects to  e lec tro m ag n e tic  in d u c tio n  

w ith in  th e  e a r th . T h e y  re g a rd  th e  firs t p h ase  of a n  av e rag e  s to rm , d u rin g  w h ich  H  is 

r a p id ly  in c reased , as d u e  to  a n  o u te r-a tm o sp h e ric  d r if t-c u r re n t c irc u la tin g  a lo n g  p a ra lle ls  

of la t i tu d e  ; th is  d r if t-c u r re n t w o u ld  g ive  rise  to  a  su rface  m a g n e tic  field, in  w h ich  H  

is  in c reased . T h e  a u th o rs  suppose , how ever, t h a t  th e  observed  in c rease  in  H  is  less th a n  

t h a t  w h ich  w o u ld  b e  cau sed  d ire c tly  b y  th e  d r if t  c u rre n ts , in  th e  r a t io  1 : 10 (“  102 y 

in s te a d  of 103 y ” ) ow ing  to  th e  “  o p posing  c u r re n t in d u c e d  in  th e  e a r th .”

B u t i t  h a s  b e en  sh o w n  in  § 3.6 t h a t  a n  in c rease  in  th e  “  e x te rn a l ”  p a r t  of H  w ill 

always  in v o lv e  a n  in it ia l  in c rease  in  th e  “  in te rn a l  ”  (in d u ced ) p a r t  of H , no  m a t te r  

w h a t v a lu es  a re  a ssu m ed  fo r th e  ra d iu s , e lec trica l c o n d u c tiv ity  or m a g n e tic  p e rm e a 

b il i ty  of th e  e a r th -co re . M oreover, th e  in d u c ed  p a r t  of H  w ill a lw ay s b e  less th a n  

th e  p a r t  d u e  to  th e  d ire c t field  of th e  d r if t-c u rre n ts . F o r  ex am p le , if th is  d ire c t  field 

is  a p p ro x im a te ly  re p re se n te d  b y  a f ir s t zo n a l h a rm o n ic , th e  p a r t  of H  d u e  to  in d u c tio n  

w ill b e  a p p ro x im a te ly  o n e-half th e  p r im a ry  p a r t .  H ence , in s te a d  of th e  in it ia l  rise  in  

H  b e in g  d ecreased  b y  in d u c tio n  effects in  th e  ra t io  1 : 10, i t  w o u ld  be  in c re a se d  in  th e  

ra t io  3 : 2 a p p ro x im a te ly  ; th is  is  in  acco rd an ce  w ith  th e  sp h erica l h a rm o n ic  an aly s is  

in  § 2, of th e  a c tu a lly  o b serv ed  field, in to  in te rn a l  a n d  e x te rn a l p a r ts .

W ith  re g a rd  to  th e  m a in  p h ase  of a n  av erag e  s to rm , d u rin g  w h ich  H  decreases b y  

a b o u t th re e  tim e s  as m u c h  as  i ts  ea rlie r in c rease , Ma r i s  a n d  H u l b u r t  s ta te  : “  W h en  

th e  a tm o sp h eric  p u lse  d ies aw ay , w h ich  m a y  re q u ire  sev era l h o u rs , th e  e a r th  c u rre n t 

fina lly  rev e rses  th e  s to rm -fie ld  to  n e g a tiv e  v a lu es, w h ich  d ecrease  to  zero  as th e  e a r th  

c u rre n t in  tu r n  d ies aw ay . T h e  e x a c t c a lc u la tio n  of th e  in d u c ed  effects lead s  fa r  in to  

e d d y  c u rre n t t h e o r y ; ro u g h  c a lcu la tio n  in d ic a te s  a  reaso n ab le  e a r th  re s is tan ce  a n d  

d am p in g  c o n s ta n t.”

T he  co n sid e ra tio n s  of § 3.6 show  th a t  th e  in d u ced  field c a n n o t be  of th is  n a tu re  ;
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fo r  a f te r  th e  p r im a ry  fie ld  h a s  d e cay ed , th e  in d u c e d  fie ld  w ill in  g e n e ra l be  sm all, a n d  w ill 

c e r ta in ly  n e v e r  ex ceed  in  m a g n itu d e  th e  m a x im u m  v a lu e  of th e  p r im a ry  field .

11. N o te  added  on  J u ly  10, 1930.— I n  a n  in te re s t in g  p a p e r*  o n  “  E a r th  M o v e m e n ts  

a n d  T e rre s tr ia l-M a g n e tic  V a r ia tio n s ,”  b y  D r. R . Gu n n  ( ju s t  re c e iv e d , s h o r t ly  b e fo re  

th e  fin a l c o m p le tio n  of th e  p re s e n t  p a p e r) , th e  a u th o r  re fe rs , a m o n g  o th e r  to p ic s , to  th e  

e le c tr ic  c o n d u c tiv i ty  w ith in  th e  e a r th .

H e  ex p re sses  th e  v iew , a lre a d y  co n s id e re d  b y  Ch a pm a n ,11 t h a t  th e  c o n d u c tiv ity  

in c re a se s  d o w n w ard s , a n d  p o in ts  o u t  t h a t  th e  ev id en c e  of th e  d a ily  m a g n e tic  v a r ia t io n s  

c a n n o t  in d ic a te  w h a t  is  th e  c o n d u c tiv i ty  a t  g re a t  d e p th s . H e  goes f u r th e r ,  in  su g g es tin g  

ro u g h  v a lu e s  fo r  th e  c e n tr a l  c o n d u c t iv i ty  : “  th e  m e a n  te m p e r a tu r e  of th e  co re  is  som e 

th o u s a n d s  of d eg rees, a lm o s t c e r ta in ly  m o re  th a n  3000° a n d  p e rh a p s  as  h ig h  as  10 ,000°,”  

a n d  a t  th e se  te m p e ra tu re s  th e  m a te r ia ls  m u s t  b e  “  h ig h ly  io n ise d , a n d  th e  r e s is t iv i ty  

m u s t  b e  se v e ra l o rd e rs  of m a g n itu d e  less th a n  t h a t  c a lc u la te d  fo r  th e  su rfa c e  la y e r s .”  

“  N o  re lia b le  e s t im a te  of th e  r e s is t iv i ty  is  y e t  p o ssib le , e v e n  th o u g h  s e v e ra l lin e s  of 

e v id en ce  p o in t  to  v a lu e s  ly in g  b e tw e e n  108 a n d  104 e .m .u .”  W e a re  in  g e n e ra l a c c o rd  

w ith  th e  t r e n d ,  th o u g h  n o t  n e c e ssa rily  w ith  th e  d e ta ils , o f th e se  s ta te m e n ts .  B u t  th e  

o n ly  d e fin ite  o b se rv a tio n a l ev id en c e  a t  p re s e n t, a n d  so  f a r  a s  w e k n o w , fo r  a  d o w n w a rd  

. in c rease  of k , is  t h a t  a ffo rd e d  b y  th e  p re s e n t  p a p e r  a n d  th e  e a r lie r  ones a lre a d y  a llu d e d  

to . A s D r. G u n n  s ta te s ,  m a g n e tic  v a r ia t io n s  of p e r io d  o v e r a  th o u s a n d  y e a rs  w o u ld  b e  

n e c e ssa ry  to  c a lc u la te  k  e x a c tly , a t  g r e a t  d e p th s , so  t h a t  m u c h  f u r th e r  p ro g r

th e se  lin e s  seem s im p o ssib le  ; w e c a n  o n ly  h o p e  fo r  a n  a d v a n c e  b y  p ro g re s s  in  th e  

g e n e ra l th e o ry  of m a t te r  u n d e r  h ig h  p re s su re s  a n d  a t  h ig h  te m p e ra tu re s .

T w o  p o in ts  m a y  b e  n o te d  in  w h ic h  D r . Gu n n ’s  p a p e r  seem s to  re q u ire  c o rre c tio n . 

O n  p . 226, h e  c a lc u la te s  b y  a  ro u g h  m e th o d , u s in g  o n ly  th e  p h a se - la g  b e tw e e n  th e  

e x te rn a l  a n d  in d u c e d  fie ld  of th e  d a ily  m a g n e tic  v a r ia t io n s , t h a t  th e  d a ily  in d u c e d  

c u r re n ts  flow in  a  la y e r  a b o u t  200  k m . th ic k , e x te n d in g  d o w n w a rd s  f ro m  th e  su rfa ce , 

of r e s is t iv i ty  a b o u t  1 -4 .1 0 12 e .m .u ., w h ic h  h e  re g a rd s  a s  c o n s is te n t  w ith  th e  e a r th -  

r e s is t iv i ty  m e a su re s  m a d e  b y  M essrs. Gi s h  a n d  R o o n e y . I n  so  d o in g , h o w ev er, h e  

ig n o re s  th e  a m p li tu d e - ra t io  of th e  tw o  fie ld s, w h ic h  show s t h a t  th e  m a jo r  p a r t  o f th e  

c u r re n ts  flow  below  a  d e p th  of a b o u t  200 k m . T h is  is  in  its e lf  a n  in d ic a t io n  t h a t  be low  

th e  d e p th s  accessib le  b y  th e  m e a n s  u se d  in  th e  v a lu a b le  w o rk  of Gi s h  a n d  R o o n e y , 

i .e ., b e lo w  a  few  k m ., th e  r e s is t iv i ty  is  d is t in c t ly  h ig h e r  t h a n  th e ir  lo w e s t v a lu e s  ( a b o u t  

10 1 3 ) .

F u r th e r ,  o n  p . 228, h e  su g g es ts  t h a t  th e  lu n a r  d a ily  m a g n e tic  v a r ia t io n  is  c a p a b le  of 

q u a l i ta t iv e  e x p la n a t io n  b y  b o d y  t id e s  in  th e  e a r t h ; b u t  sp h e r ic a l h a rm o n ic  a n a ly s is  

h a s  sh o w n 3 q u ite  d e f in ite ly  t h a t  th is  v a r ia t io n  is  of e x te rn a l  o rig in , a n d  th e  in te r n a l  

p a r t  is  fu lly  e x p lic ab le  a s  d u e  to  c u r re n ts  in d u c e d  in  th e  e a r th  b y  th e  p r im a ry  o u te r  

field .

* ‘ T r a n sa c tio n s  o f th e  A m er ic a n  G e o p h y s ic a l U n io n ,’ 1 9 2 9  a n d  19 3 0 , p u b lish e d  b y  th e  N a t io n a l  

R e se a r c h  C ou n cil, J u n e , 1 9 3 0 ;  p p . 2 2 5 -2 2 8 . [T h is  p a p er  h a s  s in c e  b e e n  r e p r in te d  in  T err. M a g ., v o l.  

3 5 , p . 151 (1 9 3 0 ).]
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F t'H U S H E D  AT TH E OXFORD U N IV E R SIT Y  P R E S S , 11 , W A R W IC K  SQ U A RE, LON DO N, E .C

A tla s  fo lio . P r ic e  £ 3  3s.

(A  red u ction  to  f e l lo w s  of th e  .R oyal S o c ie ty .)

t h e  SIGNATURES IN THE FIEST JOURNAL-BOOK AND THE  

CHARTER-BOOK OF THE ROYAL SOCIETY.

B e in g  a  F a c s im ile  o f th e  S ig n a tu res  o f th e  F o u n d ers , P a tron s, a n d  F e llo w s  of th e  S o c ie ty  from  th e

year  1 6 6 0  d o w n  to  th e  y ea r  1 9 12 .

P r ic e  15s. (A  red u ction  to  F e llo w s  of th e  R o y a l S o c ie ty .)

T H E  R E C O R D  O F  T H E  R O Y A L  S O C IE T Y .

C ro w n  4 to . T h ird  E d it io n , 1912*

C o n ta in in g  a  fu ll A ccou n t o f th e  F o u n d a tio n , H is to r y , & c., o f th e  S o c ie ty , w ith  a  C h ron o log ica l L is t  

an d  A lp h a b e tica l In d e x  o f  th e  F e llo w s  from  th e  F o u n d a tio n  to  th e  y ea r  1 9 1 2 .

P r ic e  15s. (A red u ction  to F e llo w s  of th e  R o y a l S o c ie ty .)

C A T A L O G U E  O F  T H E  P E R I O D I C A L  P U B L I C A T IO N S  IN  T H E  L I B R A R Y

O F  T H E  R O Y A L  S O C IE T Y , 1912.

C row n  4 to . 4 55  p ag es.

P u b l is h e d  a t  t h e  Ca m b r id g e  Un iv e r s it y  P r e s s , F e t t e r  La n e , Lo n d o n , E.C. 

C A T A L O G U E  O F  S C IE N T IF IC  P A P E R S  F O R  T H E  19t h  C E N T U R Y ,

C O M P IL E D  B Y  T H E  R O Y A L  S O C IE T Y .

T h e  vo lu m es are  o n  sa le  as fo llo w s  :— V o ls . 1 - 6  (1 8 0 0 -6 3 ) ,  c lo th  (v o l.  1 in  h a lf-m orocco), £ 4 n e t ;  h a lf-, 

m orocco ,‘<£5 5s. n e t . V o ls . 7 , 8 ( 1 8 6 4 - 7 3 ) ,  c lo th , £ 1  11s. 6d . n e t ;  h alf-m orocco , £ 2  5s. n e t . S in g le  

v o ls .,  c lo th , £ 1 ;  ha lf-m orocco, £ 1  8s. n e t . V o ls. 9 , 1 0  (1 8 7 4 -8 3 ) ,  c lo th , £ 1  5s. n e t ;  h alf-m orocco , 

£ 1  I2 s . n e t . V o l. 11 (1 8 7 4 -8 3 ) ,  c lo th , £ 1  5 k  n e t ;  h alf-m orocco, £ 1  12s. n e t . V o l. 1 2  (S u p p le 

m en ta ry , 1 8 0 0 -8 3 ) , c lo th , £ 1  5s. n e t  ; h alf-m orocco, £ 1  12s. n e t . V o l. 13  (1 8 8 4 -1 9 0 0  A  to  B z o w sk i) , 

V o l. 14  (C to  F it t ig ) ,  V o l. 15 (F it t in g  to  H y sfo p ), c lo th , £ 3  3s. n e t  ; V o l. 16  (I to  M a rb u t), c lo th , 

£ 5  5s. n e t ; V o l, 17 (M arc to  P ) , c lo th , £ 9  n e t  ; V o l . 18 (Q  to  S ), c lo th , £ 9  n e t ; V o l. 19 (T  to  c lo th , 

£ 8  8s. n e t.

S U B JE C T  IN D E X  O F  S C IE N T IF IC  P A P E R S .

L arge 8 v o .

Vo l . I . P u r e  M a th em atics. 28s. c lo th . 40 s. h a lf-p ig sk in .

V o l . I I . M echanics. 21s. c lo th . 35s. h a lf-p igsk in .

Vo l . I I I .  Physics. P a r tX  24s. clo th . 37s. 6d.half-p igsk in . P a r t  I I . 21s. c lo th . 
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RECENT PA RER S IN  TH E ‘ PH ILO SO PH IC AL TRANSACTIO NS.’

S e r ie s  A .—̂Mathematicala n d  P h y s ic a l .

A  671# O n  th e  S tr e s se s  in  th e  N e ig h b o u r h o o d  o f  a  C ircu la r  H o le  in  a  S tr ip  u n d er  T e n s io n . B y  R . C . J .

Ho w l a nd , M .A ., M .S c .,  U n iv e r s i ty  C o lle g e , L o n d o n . P p . 3 8 . P r ic e  3 s .

A  6 7 2 . D iffrac tio n . B y  E . T . Ha nso n , B .A . , P p . 3 8 . P r ic e  4s.

A  6 7 3 . T h e  A g e in g  o f  S ta n d a rd  C e l ls :  In c r e a se d  A c c u r a c y  in  th e ir  U s e : a n d  I n te r n a t io n a l C om 

p a r iso n s. B y  A . No rman  Sh a w , F .R .S .C ., H . E . Re il l e y  a n d  R . Cl a r k  (M c G ill  

U n iv e r s ity ,  M o n tr e a l) . P p . 3 8 . P r ic e  3s. 6d..

A  6 7 4 . C o n tin u o u s  A b so r p tio n . B y  J . A . Ga un t , T r in ity  C o lle g e , C am b rid ge . P p . 4 2 . P r ic e  3s.

A  6 7 5 . O n  th e  P ro b le m  o f  H y d r o d y n a m ic  S ta b i l i t y .— I . U n ifo r m  S h e a r in g  M o tio n  in  a  V isc o u s  F lu id .

B y  R . V . So ut hw e l l , F .R .S .,  a n d  Le t it ia  Ch it t y . P p . 4 9 . P r ic e  6s. ~  , 1

A  6 7 6 . T h e  D e n s ity  o f th e  V a p o u r s  in  E q u ilib r iu m  w ith  W a te r ,-  E th y l  A lc o h o l, M e th y l A lc o h o l a n d  

B e n z e n e . B y  Th e  Ea r l  o f  Be r k e l e y , F .R .S .,  a n d  E . St e nh o use . P p . 3 2 . P r ic e  4s.

A  6 7 7 . ’ M ic ro se ism s  A sso c ia te d  w ith  D is tu r b e d  W e a th e r  in  th e  In d ia n  S e a s . B y  Sudh a n s u  Kuma r  

Ba ne r j i, D .S c .,  D ir e c to r , B o m b a y  a n d  A lib a g  O b se rv a to r ie s. P p . 4 2 ;  1 P la te . P r ic e  6s. 6 

A  6 7 8 . T h e  P o ly to p e s  w ith  R eg u la r -P r ism a tic  V e r te x  F ig u r e s . B y  H . S . M . Co x e t e r , T r in ity  C o lle g e , 

C am b r id ge . P p . 9 8 . P r ic e  1 2s. 6  d.

Series B.— Biological.

B  457. O n t h e  S tr u c tu r e  o f th e  M a m m a l- lik e  R e p t ile s  o f  th e  S u b -O rd er  .G o rg o n o p sia . By R. Br o o m, 

D .S c .,  F .R .S . P p . 2 8 ;  8  P la te s . P r ic e  8s. 6^ ,

B  458. T h e  E a r ly  D e v e lo p m e n t  of th e  S k u ll  o f  th e  Rabbit. By G. R. d e  Be e r , M .A ., B .S c ., F .L .S .,

C . M .Z .S ., F e l lo w  q f M erto n  C o lle g e , L e c tu r e r  o f  M a g d a le n  C o lle g e , J e n k in s o n  L e c tu rer  in  

E m b r y o lo g y  a n d  D e m o n s tr a to r  in  Z o o lo g y  in  th e  U n iv e r s i ty  o f  O x fo rd , a n d  J .  H . Wo o dg e r ,

D . S c ., R e a d e r  in  B io lo g y  in  th e  U n iv e r s ity  o f  L o n d o n . P p . 4 1 ;  9  P la te s . P r ic e  11s.

B 4 5 9 . O n  th e  D e v e lo p m e n t  o f  th e  V e r te b r a l C o lu m n  o f  U r o d e la . B y  Hima dr i Kuma r  Mo o k e r j e e , 

M .S c ., D .I .C .,  L e c tu r e r  in  Z oology ,' S ir  R a sh  B e h a r i G h o se  T r a v e ll in g  F e llo w , C a lc u tta  

U n iv e r s i ty  ; M a rsh a ll  S ch o la r , Im p e r ia l C o lle g e  o f  S c ie n c e  a n d  T e c h n o lo g y , L o n d o n . P p . 3 2 ;  

5  P la te s . P r ic e  9s.

B  460. O n  A steroch lcenopds ,a N e w  G e n u s  o f  Z y g o p te r id  T r e e -F e r n s  from  W e s te r n  S ib er ia . B y

B . Sa h n i , M .A ., S c .D . (C a n ta b .) , P r o fe sso r  o f  B o ta n y , U n iv e r s i t y  o f  London. P p . 25 ;  

3  P la te s . P r ic e  5s.

B  4 6 1 . T it le ,  C o n te n ts , I n d e x , & c., V o l .  2 1 8 . P p . 8 . P r ic e  Is.

V o lu m e  2 1 8  (1 9 3 0 ) , 4 7 4  p p ., w ith  51 P la te s .  C lo th , £ 3  16s.

B  462. T h e  E m b r y o lo g y  o f  P irn 's Bapce.—O r g a n o g e n y . B y  L . E . S. Ea s t h am, D e p a r tm e n t  o f  Z o o lo g y ,

C a m b rid g e . P p . 5 0 ;  9  P la te s . P r ic e  12s.

B  4 6 3 , T h e  I n h e r ita n c e  o f  S in is tr a l i ty  in  L im n ce a  Peregm(M o llu sc a , P u lm o n a ta ) . B y  A .  E . 

F .R .S .,  C . Div e r , S . L . Ga r s t a ng  (M rs. A .  C . Ha r dy ), a n d  F . M . Tu r n e r . (F r o m  U n iv e r s ity  

C o lle g e  H o s p ita l  M e d ic a l S c h o o l, L o n d o n .)  P p . 8 0 ;  1 P la te . P r ic e  15s.

B  4 6 4 . S o m e  F o s s i l  P la n t s  o f  E a r ly  D e v o n ia n  T y p e  fr o m  th e  W a lh a lla  S e r ie s , V ic to r ia , A u str a lia . B y  

W i l l ia m  H . La ng . F .R .S .,  B a rk er  P r o fe sso r  o f  C r y p to g a m ic  B o ta n y  in  th e  U n iv e r s i ty  o f  

M a n c h e ste r , a n d  Is a be l  C . Co o kso n, B.Sc ., L e c tu r e r  in  B o ta n y  in  th e  U n iv e r s i ty  o f  

•' M e lb o u r n e  a n d  H o n o r a r y  R esea rch  F e l lo w  in  th e  U n iv e r s i ty  o f  M a n ch ester . P p . 3 0  * 

3  P la te s . P r ic e  6s.

C loth  cases for b in d in g  th e vo lu m es o f th e  * P h ilosop h ica l Transactions.* P rice  3s, Qd.

P u b l i s h e d  f o r  t h e  R O Y A L  S O C IE T Y  b y  

H a r r i s o n  a n d  So n s , L t d ., 4 4 - 4 7 ,  S t . Ma r t i n ’s  La n e , Lo n d o n , W .C .2 .
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