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th a t  could and  w ould be m istaken  for a flow of partic les from  p o in t to  po in t in 

space-tim e. Of th e  136 com ponents we easily pick o u t one which m ust 

correspond to  some kind  of stress in  th e  direction  since i t  is covarian t w ith 

dxdx'.  and  therefore w ith  dx2, in  our four-dim ensional world. This is ev iden tly  

th e  spurious stress th a t  has to  be rem oved from  E ^ i ; i t  has m ade i t  appear 

th a t  particles have  been rushing to  and fro changing places, w hereas all th a t  

has been in terchanged is th e ir labels. B y th e  sam e argum en t th ree o th er 

spurious stresses are  re m o v e d ; an d  we reach equation  (10) w ithou t any  

am bigu ity , excep t th a t  th e  two i s  in  th e  equation  are  n o t pro

sam e roo t of — 1.

On the Theory of the Solar Diurnal Variation of the 

Earth’s Magnetism.

By S. Ch a p m a n , F .R .S ., Im peria l College of Science and  Technology.

(Received November 15,1928.)

Introduction.

1. The m ost likely exp lanation  of th e  solar d iu rnal m agnetic varia tion  

(conveniently denoted by S) has for m ore th a n  a generation seemed to  be th a t  

afforded by  th e  dynam o ” theory , originally proposed by B alfour S tew art 

and  fu rth er developed by  Schuster and  th e  w riter.*  I t  a ttr ib u te s  S to  overhead 

electric currents, induced by  convective m otion of th e  a ir across th e  e a r th ’s 

m agnetic field. The form  and in ten sity  of th e  current-system  can be inferred from  

th e  spherical harm onic analysis of S ; J . B arte ls ,f  on th e  basis of th e  w rite r’s 

analysis, has draw n th e  curren t-d iagram  reproduced in  th e  figure (p. 383). 

I t  will be seen th a t  th e  current-system  consists of four circuits, two n o rth  and  

tw o south  of th e  equator, each flowing round  a centre or focus. A t th e  equin

oxes, to  which th e  figure refers, th e  system  is approxim ately  sym m etrical w ith  

respect to  th e  equator. The principal pair of circuits are s itu a ted  in  the  

sun lit hem isphere, and each circu it of th is  pa ir carried 62,000 amperes a t  sun

spot m inim um  ; th e ir foci lie approxim ately on th e  I I  hour m eridian. The 

other pair of circuits, each carrying 32,000 amperes, are less intense b u t more

* F o r  r e fe r e n c e s  cf. ‘ P h i l .  T r a n s . . ’ A , v o l .  2 1 8 ,  p . 1 (1 9 1 9 ) .

|  J .  B a r te ls ,  “  H a n d b u c h  e x p .  P h y s ik ,”  v o l .  2 5  (1 9 2 8 ) .

2 BV O L .  C X X I I . — A .
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370 S. Chapm an.

extensive, covering ab o u t 15 hours in  longitude. The equato ria l cu rren t- 

in tensity , per centim etre  m easured  along th e  m erid ian , has an  eastw ard  m ax i

m um  of 2 . 10-5 e.m .u. a t  a b o u t l l h ,  an d  a w estw ard  m axim um  of 10-5  e.m .u. 

a t  ab o u t 17h.

2. The dynam o th eo ry  can give a good account of th e  general form  of th is  

cu rren t-system , bu t m eets serious difficulties w hen i t  a tte m p ts  to  explain  th e  

phase and  in ten s ity  of th e  curren ts . This is because th e  convective m otion 

w hich induces th e  curren ts , an d  th e  to ta l  co n d u ctiv ity  of th e  layer in  which 

th e y  flow, are  unknow n. B u t if i t  is assum ed th a t  th e  convective m otion  is 

th e  sam e as a t  g round  level, i t  appears th a t  th e  d ay  current-foci should be on 

th e  m erid ian  13h or 14h, d is tin c tly  la te r  th a n  th e  observed position. F u rth e r,

th e  to ta l electric co nductiv ity  (or j” a d h  th e  in

tiv ity  g  th ro u g h o u t th e  th ickness of th e  layer) m u st be large, of th e  order 10-5 

e.m .u.

3. U n til recen tly  no in dependen t check on th is  estim ate  of j a dh was avail

able, b u t rad io  d a ta  now give in fo rm atio n  concerning th e  electron-density  a t  

g rea t heights, an d  confirm  th e  existence of a highly  conducting  layer. B u t i t  

is still doub tfu l w hether th e  to ta l co n d u ctiv ity  of th e  layer is so g rea t as 10- 5 ; 

P. 0 . Pedersen, in  his recen t valuab le  an d  com prehensive discussion of radio  

propaga tion,* concludes (loc. cit., p. 149) th a t  i t  is on ly 5 . 1

tim es too  sm all.

4. The free charges in  th e  upper a ir  seem likely to  consist m ain ly  of electrons 

and  singly ionised n itrogen  or oxygen m olecules. I t  is convenient to  t re a t  th e  

la tte r  as of equal m ass, corresponding to  a m olecular w eight of ab ou t 30. 

Sym bols for quan tities  re la ting  to  electrons, positive or negative  ions, or ions 

w ith o u t d is tribu tion  of sign, will be distinguished  by  th e  suffixes e, -f-, —,

L et m be th e  m ass of a free charge, n th e  num ber per cubic cen tim etre, v the  

num ber of collisions which i t  undergoes per second, e its  charge in electro

m agnetic un its . Then we tak e

me =  9 - 0 . 10~28, mi =  5 - 0 . K T 23, e =  ±  1 -59 . 1 (T

The specific con ductiv ity  cr of th e  gas is due to  con tribu tions ae or a* of each 

indiv idual electron or ion, i.e.,

( 1 )  a  —  n eGe +  UiGi-

* P .  O . P e d e r s e n ,  “ T h e  P r o p a g a t io n  o f  R a d io  W a v e s ,”  C o p e n h a g e n , 1 9 2 7 .
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Solar Diurnal Variation o f Earth’s Magnetism. 371

In  tlie  absence of a m agnetic field, approx im ately

(2) Ge =  e2/m eve, — e2/mivi,

so th a t  th e  ra re r th e  gas, and  th e  less frequen t th e  collisions, th e  g reate r are 

Ge an d  Gr

5. Pedersen m ade an  im p o rtan t co n trib u tion  to  th e  th eo ry  of th e  con

d u c tiv ity  by  recognising th a t  in  a  m agnetic field th e  conductiv ity  is different 

in  different directions, its  value  for directions along th e  field being th e  sam e as 

if th e  field were absent, b u t its  value (conveniently denoted  by  cx ) for directions 

transverse  to  th e  field being reduced in  th e  ra tio

(3) K  =  v2/(v2 +  « 2), 

where

(4) to =  eH /m ,

(o being th e  angu lar velocity w ith  w hich th e  charge spirals freely round th e  

lines of m agnetic force. Since v and  co are different for ions and  electrons, th e  

corresponding ra tios crx /cr or K  are likewise d if fe re n t; we have

(5) crx =  neGeJ_ +  nfsiL =  nM eGe - f  =  —  2 ^ ^
me v /  +  to / mi v /  - f  toi2

so th a t  as v tends to  zero g ± tends also to  zero* in stead  of to  infinity  like g .

This resu lt is of im portance to  th e  th eo ry  of S because th e  curren ts  illu stra ted  

in  th e  figure flow transverse ly  to  th e  m agnetic m eridians over a considerable 

fraction  of th e ir p a th , and  even w hen th e  flow is in  th e  m agnetic m erid ian planes 

i t  i.s p a rtly  transverse  to  th e  m agnetic field, since th e  current-flow  is nearly 

horizontal, while except in  low la titu d es  th e  m agnetic force has a considerable 

vertical com ponent. H ence th e  to ta l resistance round any  current-line is 

determ ined m ainly by  cx , especially w hen g ± / g  is small. The conducting  layer 

is therefore effectively lim ited  by  th e  value of crx, and  th is  places a h ith erto  

unsuspected lim it on th e  upw ard  extension of th e  layer : i t  will appear la te r 

th a t  th e  layer m ust probab ly  lie approx im ately  between 100 and 170 km . 

height above th e  ground (§9).

6. R egarding th e  e a rth ’s m agnetic field as th a t  of a sphere uniform ly 

m agnetised along th e  axis of ro ta tion ,

(6) to =  eH/m  =  (eH0/m) (1 +  3 cos2 6)*,

* R o s s  G u n n , c P h y s .  R e v . , ’ v o l .  3 2 , p . 1 3 3  (1 9 2 8 ) ,  h a s  a ls o  r e m a r k e d  t h e  s a m e  r e s u lt ,  

a p p a r e n t ly  w it h o u t  k n o w le d g e  o f  P e d e r s e n ’s w o r k .

2 b  2
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372 S. Chapm an.

w here H 0 denotes th e  eq u a to ria l m agnetic  in ten sity , an d  0 denotes th e  no rth - 

po lar-distance  in  angle. A pprox im ate ly

(7) H 0 =  0 • 3 gauss.

In sertin g  th e  values of e, H 0 an d  m,

(8) co, =  5 - 3 . 106 (1 +  3 cos2 0)*, to* =  95 (1 +  3 cos2 6)h

7. The value of v varies w ith  th e  he ig h t in  a  w ay w hich depends on th e  

d is trib u tio n  of abso lu te  tem p e ra tu re  T an d  on th e  com position  of th e  a ir  ; 

th ese  are  n o t definitely know n a t  g rea t heights. B u t i t  is p ro b ab ly  n o t fa r 

from  th e  t r u th  to  ta k e  T =  220° in  th e  s tra to sp h ere  up  to  60 km ., an d  300° 

above 80 km ., w ith  a unifo rm  tra n s itio n  betw een  th ese  heights ; and, fu rth er, 

to  assum e th a t  convection  keeps th e  com position uniform  up  to  110 k m .; 

an d  th e rea fte r ceases. In  th is  case th e  a ir  w ill consist a lm ost w holly of N 2 

an d  0 2 up  to  200 km ., since even  if helium  be p resen t a t  110 km . in  th e  

p ro portion  observed  near th e  ground, i t  will on ly  am o u n t to  2 per cen t, a t  

200 k m .; th e  p ro p o rtio n  of oxygen will be 21 per cent, a t  110 km ., 13 per cen t, 

a t  150 km . and  6 per cen t, a t  200 km ., n itrogen  being th e  only o th er im p o rtan t 

con stitu en t.

The electrons an d  ions will be assum ed to  have speeds v corresponding to  

th e rm al equilibrium * ; hence above 80 km ., w here T =  300°,

(9) ve — 1*1 . 107 cm ./sec ., =  4*7 . 104 cm ./sec.

The m ean  free p a th  l will be supposed  re la ted  to  th e  pressure p  (in dynes/cm .2) 

by  th e  equations

(10) le =  43 

The above assum ptions concerning th e  a tm osphere  enable p  to  be calcula ted 

a t  any  height, an d  hence, using  (9), (10) and

( 1 1 )  v =  v/l,

th e  values of v given in  Table I  have been determ ined  ; th e  tab le  also gives 

values of Ke and  K i5 an d  of 1 — K e, 1 — K i; calcu la ted  from  th e  values of v 

and  of co (cf. 8), for th e  eq u ato r an d  th e  po lar regions.

The above values of v, and  hence of K , differ from  those given by  Pedersen, 

because he assum ed th a t  T =  220° a t  all heigh ts in  th e  stra tosphere, and th a t  

m ixing by  convection ceases a t  12 km . The first assum ption  is co n tra ry  

to  th ree  independen t lines of evidence, w hich su p p o rt a higher tem p eratu re  

* T o w n s e n d  a n d  T iz a r d , ‘ R o y .  S o c .  P r o c . , ’ A , v o l .  8 8 , p . 3 4 7  (1 9 1 3 ) .
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Ĥ  ©  l-- l ©

©  * ©
©  Q 0 ©  CO

rHi CO ©  rH © rH ~H

d
rH

1ft
• ©
i r-H

T T
©  ©
rH rH

00
CO1

0 0  0 3  0 0  0 3
0 3  l>  ©  ©

©  ©
©  ©

CO1 ©  ©  ©  © rH rH

r - H

lO
> ©
1 rH

T T
©  ©
rH rHQ

I>
CO

©  H  ©
h  ( N  ^  lO o  O H

©  ©  ©  © rH r—H

r^

cc
> ©
1 r-H

8
-

0
1

8
-

0
1

s
CO)

4 0  VO t> CO
t -  0 3  ©  ©
©  ©  ©  © ©  ©  rjH

CO) ©  ©  ©  © —H rH

f o
• s

: ©
I • * rH
: ©  : o

a> P-i

M U
I r  ' a

w ! ~  ~
o* o  M
Q} Ph d - s*  *  a  &

1 1

=r s* M  J ,  M  J , «  J .  M  J ,

 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
 



374 S. Chapm an.

above a b o u t 60 km ., as here supposed  ; th e y  are  (i) th e  observations of m eteor 

tra ils  as in te rp re ted  b y  th e  th e o ry  of L indem ann  an d  D obson,* (ii) th e  observa

tio ns of abnorm al sound-p ropagatio n  to  g rea t d is tan ces ,! (iii) th e  th eo re tica l 

calcu la tion  of u pper a ir tem p era tu res , ta k in g  in to  account th e  know n layer of 

ozone in  th e  stra to sp h ere . J  The second assum ption  is co n tra ry  to  th e  evidence 

of m ix ing afforded b y  th e  con to rtions u sually  observed  in  long-enduring  m eteor- 

tra ils , an d  n o tab ly  in  th e  one, la stin g  for n early  2 hours, observed  by  Mr. 

J .  E . Clarke§ an d  o thers, on F e b ru a ry  22, 1909. This tra il, 150 m iles long, 

sloping s ligh tly  dow nw ards from  a he ig h t of 90 km . above a p o in t 45 miles 

26° W. of S. from  B eachy  H ead  to  a h e ig h t of 77 km . above a po in t, 87 miles 

22° E . of S. from  S ta r t  P o in t, becam e d is to rted  in  such  a  w ay as to  ind ica te  

high  level w inds showing th e  following rem ark ab le  differences of in ten s ity  and  

d irection  a t  he ights of 50 to  55 m iles (80 to  90 km .).

A p p ro  x im s  

M iles.

ite  h e ig h t.

K m .

S p e e d ,  
m ile s  /h o u r .

M ean

d ir e c tio n .

5 5 8 8 - 5 i n N E  b y  E

5 4 135 N E  b y  N

53 135 N W

52 1 7 5 W N W

5 1 - 5 187 W  b y N

5 0 8 0 - 5 3 0 S

5 0 170 E

Such long-enduring  tra ils  are  ra re , b u t less exceptional in stances are av a il

able w hich give sim ilar evidence of intense non-uniform  winds, of th e  order of 

100 miles per hour, a t  heights ex tend ing  up  to  130 km . These w inds are 

p ro bab ly  due to  large tem p era tu re  varia tio n s  set up  in  th e  atm osphere, n o t 

only  as betw een  d ay  an d  n igh t, b u t  also from  d ay  to  d ay  and  from  place to  

place. Large tem p era tu re  varia tio n s  will arise from  varia tions (such as are 

ac tu a lly  observed) in  th e  am o u n t of ozone, w hich has so g rea t an  influence on 

th e  tem p era tu re  of th e  u p p er s tra to sp h ere  ; an d  also from  th e  considerable 

varia tions , up  to  100 per cen t., in  th e  su n ’s u ltra-v io le t rad ia tion , as observed 

by  P e ttit.|j

* ‘ R o y .  S o c .  P r o c . , ’ A , v o l .  1 0 2 , p .  4 1 1  (1 9 2 2 ) .

t  F .  J .  W . W h ip p le ,  ‘ N a t u r e , ’ v o l .  I l l ,  p .  1 8 7  ( 1 9 2 3 ) .

J G o w a n , ‘ R o y .  S o c .  P r o c . , ’ A ,  v o l .  1 2 0 ,  p .  6 5 5  (1 9 2 8 ) .

§ ‘ Q . J .  R .  M e t . S o c . , ’ v o l .  3 9 ,  p .  1 1 5  ( 1 9 1 3 ) .

|| ‘ P r o c .  N a t .  A c a d .  S c i . , ’ v o l .  1 3 0 , p . 3 8 0  ( 1 9 2 7 ) .

 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
 



Solar Diurnal Variation o f Earth's Magnetism. 375

Such strong and  non-uniform  winds m ust prom ote  m ixing of th e  air up to  

heights exceeding 100 km ., and i t  seems likely th a t  th ey  are capable of effectively 

counterac ting th e  tendency tow ards diffusive separa tion  of th e  atm ospheric 

constituen ts  according to  th e ir m olecular weights ; th is  process is extrem ely 

slow, a t  least up  to  100 km . I t  is here assum ed th a t  th e  m ixing ceases a t 

110 km . Pedersen’s assum ption  th a t  i t  ceases a t  12 km . resu lts  in  a rap id  

increase in  th e  p roportion of helium  above 90 km ., un til a t  130 km . i t  is 90 

per cent, of th e  whole air. This is rendered im probable by  th e  fac t th a t  no 

spectral lines th a t  can be a ttr ib u te d  to  helium  are observed in  aurorae, although 

th e  excita tion  would seem sufficient to  produce such lines w'ere helium  presen t.

The low tem peratu re  assum ed by  Pedersen renders th e  upw ard decrease of 

pressure too rap id  un til heights are reached wdiere helium  is an im p o rtan t 

constituen t, and thereafte r th e  decrease of pressure is too slow. H ence his 

values of v a t 100 km . are only one-th ird  those given in  Table I , while a t 

150 km. th ey  are  10 tim es as g reat. The effect of these  differences on the  

values of K  is easily inferred.

8. The num ber of electrons and  ions a t g rea t heights is uncertain . Pedersen 

gives th e  following values ( loc.cit., A ppendix, p. 10, fig. IX , 6), based

radio m easurem ents and p a rtly  on a th eo ry  of ionisation  and  recom bination ; 

th ey  refer to  noon in  sum m er, a t  some la titu d e  ap p aren tly  n o t s ta ted , which 

will here be assum ed to  be th a t  of th e  equator.

Table I I .

1
Height. 60. 70. 80. 90. 100. 110. 120. 130.

ne < 1 < i < 1 1 3 . 103 1 - 6 . 104 5 . 105 7 . 105

7 . 103 6 . 103 3 . 103 5.10* 2 . 10G 107

r-HGO or-HtH

Height. 140. 150. 160. 170. 180. 190. 200.

ne 5 . 105 4 . 105 2 . 105 1 - 3 . 105 5 . 104 3 . 104 1-2 . 104

ni 2 . 106 7 . 105 3 . 105 1-3 . 105 5 . 104 3 . 104 1 - 2 . 104

According to  this  tab le  the  electron density first becomes im portan t a t  about 

100 km. ; below th is  th e  electrons are supposed to  a ttach  them selves to  

oxygen or w ater molecules as soon as th ey  are formed. Above 170 km . the
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376 S. Chapm an.

am oun t of such recom bination  is supposed  negligible, owing to  th e  low density , 

and  ne =  % =  n+, =  0. A t all heigh ts th e  a ir is p rac tica lly  ne

(12) n+ — - f  ne> ni 

I f  each of th e  above values of ne and  % is ta k e n  to  ap p ly  th ro u g h o u t a 10 km . 

layer (106 cm.) th e  to ta l num bers  (Nc, N ;) of each, per square cen tim etre  

colum n, are approx im ate ly

(13) N e =  2 - 6 . 1 0 12 , ^  — 2 -8  . 1013.

9. On su b stitu tin g  th e  above values of ne, %, K„, Kj in to  (2)~(4), we o b ta in  

th e  following values of neae, an d  a, b o th  along and  transverse  to  th e  

m agnetic field a t  th e  equato r. The con trib u tio n s of th e  layers below 100 km . 

are negligible in  com parison  w ith  th ose  of th e  higher s tra ta , an d  are  therefore  

n o t ind icated .

Table  I I I .

H e ig h t .
1 1 1

1 0 0 . 1 1 0 . 1 2 0 . 1 3 0 . 1 4 0 . 1 1 5 0 .

| 1

necre
TliOi

a

2 - 4 . 10~15 
i o - 15 

3 . 1 0 - 15

3 - 7  . 1 0 - 14 
1 - 6  . 1 0 - 14 

5 . 1 0 - 14

3 - 7  . 1 0 ”12 
3 - 8  . 1 0 - 14 
3 - 7  . 1 0 - 12

1 - 5  . 1 0 - 11 
5 - 6  . 1 0 - 14 
1 - 5  . 1 0 - u

3 - 2  . 1 0 - 11 
9 . 1 0 - 14 

3 - 2 . 1 0 - u

8 . 1 0 - 11 
8 . 1 0 - 14 
8 . 1 0 - u

neae±
niOix

Vi.

i o - 17
1 0 - is

1 0 -i5

2 . 1 0 - 17 
1 - 6  . 1 0 - 14 
1 - 6  . 1 0 - 14

2 . 1 0 - 16 
3 - 8  . 1 0 - 14 
3 - 8  . 1 0 - 14

9  . 1 0 - 17 
5 -3  . 1 0 - 14 
5 - 3  . 1 0 - 14

2 . 1 0 - 17 
5 - 9  . 1 0 - 14 
5 - 9  . 1 0 - 14

6  . 1 0 - 18 
1 - 6  . 1 0 - 14 
1 - 6  . 1 0 - 14

According to  th is  tab le  th e  condu ctiv ity  along th e  m agnetic  field is a lm ost 

wholly due  to  th e  electrons, an d  increases upw ards to  a t  least 150 km . The 

transverse  conductiv ity , on th e  o th er hand , is a lm ost w holly due to  th e  ions, 

and  a tta in s  its  m axim um  value a t  ab o u t 135 km ., an d  does n o t ex tend  m uch 

above 150 km .

The estim ate  of J <y± dh afforded by  th e  ta b le  is found to  be 2 . 10~ 6 e.m .u.

Pedersen’s estim ate  is 0 * 5 . 10~6 e.m .u. or one-quarte r th e  value  here found, 

th e  difference resu lting  from  his different assum ptions concerning th e  tem pera

tu re  and  com position of th e  s tra to sphere .

The value of j  crx dh here found  is of th e  sam e order as th a t  (10-i>) required

by  th e  dynam o theory , tho u g h  ra th e r  smaller, i.e., in  th e  ra tio  one-fifth. The 

difference is probab ly  w ith in  th e  p resen t lim its of error of th e  d a ta  for ne 

an d  n.i; m ore accura te  knowledge la te r  m ay  e ither narrow  or widen th e  gap 

betw een th e  tw o estim ates of th e  conductiv ity . The estim ated  conductiv ity
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Solar Diurnal Variation o f Earth's Magnetism. 377

requ ired by  th e  dynam o th eo ry  is capable  of m odification by  supposing th a t  

th e  convective m otion in  th e  conducting layer is different from  th a t  observed 

near th e  ground.

9. R . Gunn* has recen tly  po in ted  ou t th a t  in  th e  layers w here v/to is small, 

th a t  is, where a free charge can execute m any  revolutions in  its  sp ira l p a th s 

betw een successive collisions, th e  sp iral m otion m akes th e  charge equivalen t 

to  a small m agnet opposed to  th e  field, so th a t  th e  ionised m edium  is d ia 

m agnetic. The con trib u tion  of each free charge to  th e  in ten sity  of m agnetisa

tion  of th e  m edium  is th e  sam e for electrons and  ions when v/co is very  small, 

being &T/H, where k is B o ltzm ann’s co n stan t (1 - 3 7 . 10~16) ; w hen v/co is 

n o t small, i t  is easily shown th a t  th e  con trib u tion  is reduced in  th e  ra tio

co2/ ( v 2 + '  CO2) =  1 -  K  ;

th u s  th e  fractional contribu tions of a free charge to  th e  transverse  conductiv ity  

<7X and  to  th e  d iam agnetisation  are com plem entary. Tab le I  shows th a t  th e  

electrons con tribu te  alm ost th e ir  full q uo ta  to  th e  d iam agnetism  from  90 km . 

upw ards, so th a t  th e  conducting  layer is rendered diam agnetic  b y  th e  elec

trons ; th e  ions only begin to  co n trib u te  fully  to  th e  d iam agnetism  a t abou t 

150 km ., near where th e  conducting layer ceases (according to  th e  values of 

ne and  n{ in  Table I I ) .

Gunn has suggested th a t  th is  diam agnetic  layer of th e  upper atm osphere, 

of in tensity

(14) (*T /H ) | {(1 -  K«) n. +  (1 -  K .) «,} ih  (CT/H

is responsible for th e  d iu rnal m agnetic variations, owing to  th e  daily varia tion  

of th e  m agnetic field of th e  layer, as ne and % vary . H e has p a rtly  worked 

ou t th e  resu lting m agnetic varia tions, assum ing a probable  varia tio n  of 

w ith the  sun’s zenith distance, and  has shown th a t  they  are in  fairly  good quali

ta tiv e  agreem ent w ith th e  observed S. In  ano th er paper I  have developed 

th e  th eo ry  further, by  m eans of spherical harm onic analysis, and  have con

firmed his general conclusion. In  order to  bring  th e  th eo ry  in to  approxim ate  

agreem ent w ith observation, only one unknow n m agnitude has to  be assum ed, 

namely, th e  num ber defined by  th e  above equation  ; m ay be called the  

num ber of diam agnetically  effective free charges per square cen tim etre column. 

According to  Gunn, its  m axim um  value, occurring a t th e  equato r a t  noon, 

m ust be 1 • 5 . 1017; m y own estim ate, which seems likely to  be more accurate, 

is 5 . 1016.

* ‘ P h y s .  R e v . , ’ v o l .  3 2 , p . 1 3 3  (1 9 2 8 ) .
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378 S. Chapm an.

This value, w hich includes p rac tica lly  all th e  electrons an d  a frac tion  of th e  

ions, nam ely, those above a b o u t 145 km ., is fa r la rger th a n  th a t  to  be deduced 

from  P edersen’s discussion, according  to  w hich N e is ab o u t 2 - 6 . 1012, and

(NJrf, or J (1 — Kj) % dh, is a b o u t 1012, so th a t  N<j is less th a n  4 . 1012. The

discrepancy betw een th e  ion isa tion  as estim ated  b y  Pedersen, and  th a t  

requ ired  by  th e  d iam agnetic  th eo ry  of S, is fa r m ore ex trem e th a n  in  th e  

case of th e  dynam o theory , th e  ra tio  (required  N /e stim a ted  N) being 104 

in stead  of a b o u t 10.

10. P edersen ’s estim ates of ne an d  n,t seem  likely to  be m ore accu ra te  for 

heights up  to  ab o u t 150 km . ( th a t is, w ith in  th e  conducting  layer) th a n  a t  

g rea ter heights. Since his discussion was w ritten , E . V. A ppleton  has found th a t  

in  th e  early  m orn ing during  th e  th ree  hours before sunrise, w hen th e  ionisa

tio n  in  th e  conducting layer has becom e m uch reduced  b y  recom bination , 400 

m etre  waves th a t  are  usually  reflected in  th is  lay er p en e tra te  i t  and  pass 

upw ards till th e y  m eet an o th er reflecting ionised layer a t ab ou t 250 km . 

height. This suggests th a t  ne and ni a t  heights above 150 km . m ay  be m uch  

g rea te r th a n  Pedersen  supposes, th o u g h  th e  change in  his figures would need 

to  be revo lu tionary  if S is to  be a t tr ib u te d  to  th e  d iam agnetism  of th e  upper 

atm osphere. I t  will be shown, however, th a t  th e  ions in  th e  diam agnetic  

region can  co n trib u te  to  S far m ore effectively in  an o th er way, and  th a t  

m ust be of th e  order 2 . 1014 a t  m ost.

11. Consider th e  m otion  of a free charge in  th e  presence of a uniform  m agnetic 

field of in ten sity  H . L e t th e  axis of z be ta k e n  along I I . Suppose th a t  a con

s ta n t force F  ac ts  upon  th e  charge, an d  ta k e  th e  x axis in  th e  plane of F  and 

H , and  so th a t  th e  ^-com ponent (X) of F  is positive  ; le t th e  th ird  axis 0 

be chosen so th a t  th e  axes form  a rig h t-h an d ed  system . Then F  =  (X, 0, Z).

The equations of m otion  of th e  partic le  are

(15)

(16) 

(17)

m'x =  X  +  cH 

my =  —

mz  =  Z,

of w hich th e  in tegrals  are

(18) x — x0cos at -f- i/0 sin 

(19) y =  — xQsin at - f  yQ cos ort — (X /eH ) (1 — cos at),

(20)  2 =  2 0  +  ( z  \m)t,

where th e  suffix 0 refers to  th e  in itia l values.
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Solar Diurnal Variation o f Earth’s Magnetism. 379

The m otion along th e  field is unaffected by H , b u t th e  m ean  value of x is 

zero, despite th e  force X ; th is  is w hy c x tends to  zero w ith  v/co. B u t th e  force 

X  renders th e  m ean  transverse  velocity y, w hich would otherwise be zero, 

equal to

(21) -  (X /eH ).

This m ean transverse  velocity will be called th e  drift-velocity  Y of th e  free 

charge.

12. If  th e  free charge form s p a r t of a gas, and  m akes v collisions per second 

w ith  o ther particles, a fte r w hich its  velocity tak es  a  new direction  a t random , 

i t  is easy to  show th a t  th e  m ean  ^/-velocity is

(22) (1 -  K ) (X /eH ),

where K  is defined by  (3). Thus th e  less th e  co n trib u tio n  (K a) m ade by  th e  

charge to  ox, th e  g reater th e  m ean  d rift-velocity  w hich i t  experiences, and  

vice versa.

13. The drift-m otions of th e  charges give rise to  a cu rren t of in ten sity  i, 

where

(23) i =  (1/H ) {(1 -  K () (n+X + +  « _ X _ ) +  (1 -  K .) <£«},

assum ing th a t  th e  positive and  negative ions are  of equal m ass.

14. In  th e  ionised atm osphere  th e  ligh t electrons te n d  to  rise above th e  

heav ier ions, b u t th is  sets up  an  e lectrosta tic  field w hich prevents all b u t a 

very  slight separation , so th a t  th e  m edium  rem ains p ractically  neutra l, in 

accordance w ith  (12). The field is smaller, th e  g reate r th e  proportion  of 

negative ions to  electrons, because th e  field due to  th e  rise of th e  electrons 

tends to  depress th e  negative ions, and  therefore to  produce a com pensating 

opposing field.

W hen th e  conditions are steady, th e  equations of p a rtia l pressure for th e  

th ree  kinds of free charge are as follows,

(2 4 )
0 p +

dh
—  n+ ( m+g —  E e ) ,

,

(25 )
dp_

dh
—  n_ (m_g -f- E e ) ,

(2 6 )

II

C
D

 l<
^ —  ne ( meg +  E e ) ,

where p — J e n T , k  being B oltzm ann’s constan t 1 -37 . 10 16, and  E denotes th
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380 S. Chapm an.

electric field, reckoned positive  w hen upw ards. W e m ay  w rite  m+ =  m _ =  mif 

and  ignore me, in  (24) to  (26). B y (12)

(27)

so th a t

dp+ _  3(p_ +  Ve)

dh

(28) n T (m,ig — Ee) =  n_ (m^g +  Ee) +  Ee =  n^m^g +  w+ Ee,

or

(29) Ee =  \  (njn mtg.

The v ertically  dow nw ard  forces F  on th e  free charges are  therefo re  given b y

(30)
% +  ne

mig,
ni +  ne

n^g.
% +

nt +  n
m%9-

15. R egard ing  th e  e a r th ’s m agnetic  field as th a t  of a sphere uniform ly 

m agnetised  along th e  ax is of ro ta tio n , th e  dow nw ard v ertica l an d  no rth w ard  

ho rizon ta l com ponents of H  a t  n o rth -po la r-d is tance  0 are

(31) 2 H 0 cos 0, H 0 sin 0,

so th a t

(32) H 2 =  H 02 (1 +  3 cos2 0).

The z axis, as defined in  § 11, is there fo re  n o rth w ard  an d  dow nw ard, while th e  

x  axis is sou thw ard  and  dow nw ard, an d  th e  y  axis is horizon ta l and  w estw ard. 

The x com ponents of th e  forces F  on th e  free charges are  equal to

(33) F  sin 0/(1 +  3 cos2 0)k

H ence, b y  (23, 30, 33), th e  d rif t-cu rren t in ten s ity  is given b y

(34)
mygsin 0

H 0 (1 +  3 cos2 0) t
{ (1 - K .) ”<2+, T T n ‘ +  (1 -

n.i +  ne ni i

m-ig sin 0

H 0 (1 +  3 cos2 0)
n'.

Since iis essentially  negative, th e  d rif t-cu rren t is everyw here eastw ard .

16. The d rift-velocity  V of a free charge is g rea test a t  th e  equator, w here 

X  =  F  and  H  has its  m inim um  value. A t heigh ts w here K  =  1, and  ne — %, 

Vc =  =  hniigJeH. w hich a t  th e  eq u ato r is 5-1 cm ./sec. If  K  =  1 b u t

ne <  nh Ve lies betw een 0 and  5*1, while V + lies betw een 5*1 and  10-2, and  

V _ lies betw een 10-2 and 15*3 cm ./sec. F o r given values of K , ne, %  these 

velocities decrease from  th e  eq u ato r to  th e  pole in  proportion  to  th e  facto r 

sin 0/(1 +  3 cos2 0), th e  value of w hich is given for various la titu d es  in  th e  

following tab le .
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Solar Diurnal Variation Earth's Magnetism. 381

Table IV .

L a titu d e  ................... 0 ° 10° 2 0 ° 3 0 ° 4 0 ° 5 0 ° 6 0 ° 70° 80°

d ............................ 9 0 ° 8 0 ° 70° 6 0 ° 5 0 ° 4 0 ° 3 0 ° 2 0 ° 10°

s in  0 /(1  +  3  c o s2 9) 1 0 - 9 0 4 0 - 6 9 6 0 - 4 9 5 0 - 3 4 2 0 - 2 3 3 0 - 1 5 3 0 - 0 9 4 0 - 0 4 4

17. The equato ria l values of (1 — K e) and  (1 — K ;) are  p ractically  u n ity  

from  160 km . upw ards, so th a t  from  Table I , I I  th e  following tab le  giving th e  

va lue of n', corresponding to  Pedersen’s d a ta  for and  n,h can be constructed .

Table Y.

H e ig h t  (k m .) 100 110 120 130 140 150

<1 -  K e) n 4 26 3 . 104 10s 1 0 3 1 - 5 . 103
» i + » «

n  K  • ) ^e2 160 8 . 103 5 . 1 0 * 2 . 103 7 . 1 0 3 4 . 1 0 3
n i+ ne

n ' ......................................................................... 164 8 . 103 8 . 104 3 . 10s 8 . 1 0 3 5 - 5 . 103

H e ig h t (km .) 160 170 180

1

190 2 0 0

{ 1 —K e) nf
ni+ne
W;24-WjWg ne“ 

ni+ne

©r-HQO 6 . 104 2 - 5 . 104 1 - 5 . 104 6 . 103

2 . 1 0 3 6 . 104 2 - 5 . 104 1 - 5 . 104 6 . 103

n*................................... 3 . 1 0 s 1 - 2 . 1 0 5 5 . 104 3 . 104 1 - 2 . 104

The resulting value of N ' \ = is 2 * 3 . 1012, of w hich one-quarte r is due

to  th e  electrons ; i t  is sligh tly less th a n  th e  estim ate  of N d ( 4 . 1012—§ 9) 

th e  effective num ber of diam agnetic free charges.

This value of N ', by  (34), shows th a t  a t  th e  equato r a t  noon, if Pedersen’s

values of ne and  % are correct, I  ( EE — 1 ) =  4 . 10~T e.m .u. This is abou t

1/50 of th e  equatorial cu rren t-in tensity  associated w ith S, so th a t  th e  free 

charges in and above th e  conducting layer affect th e  e a r th ’s field far more by  

th e ir drift-m otion th a n  by  th e ir diam agnetism . I t  will be shown th a t  if 

N ' =  2 . 1014, or abou t 100 tim es th e  num ber according to  Pedersen, th e  drift- 

currents are capable of producing a d iu rnal m agnetic varia tion  very similar 

to  S.

18. In  bo th  th e  dynam o and  diam agnetic theories of S, it  is supposed th a t
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382 S. Chapm an.

ne an d  %, or th e  qu an titie s  a, N rf w hich depend on them , are  g rea test a t  noon 

a t  th e  eq u a to r (considering th e  equ inoctia l season, for sim plicity) and  decrease 

w ith  increasing zen ith  d istance  of th e  sun. The sam e reasonable  assum ption 

applies to  N ', on w hich th e  to ta l d rif t-cu rren t in ten s ity  I  depends ; th is  m ay 

be ind ica ted  by  w riting  N ' as N ' (6, </>), w here <f> denotes local tim e, or longitude 

m easured eastw ard  from  th e  m id n ig h t m erid ian. H ence

The te rm  I  (0) denotes th e  m ean  eastw ard  to ta l  d rif t-cu rren t in ten s ity  round  

th e  circle of co la titude  0 ; th is  p a r t  satisfies th e  equation  of con tinu ity , and  

affects th e  da ily  m ean  value of th e  n o rth  an d  v ertica l com ponents of H , b u t 

does n o t co n trib u te  to  S. The te rm  A I (0, c/>) denotes th e  difference betw een 

th e  local an d  th e  m ean  cu rren t-in ten s ity  in  th is  la titu d e  ; th is  p a r t  will n o t 

sa tisfy  th e  equation  of con tinu ity , b u t will te n d  to  produce an  accum ulation  

of charge a t  th e  ra te  —dl (0, 6)ja sin  Qd w here a den

or ra th e r  th a t  of th e  ionised layer ; th e  ra te  of accum ulation of charge is 

here reckoned per square  cen tim etre  a rea  of a v ertical colum n. Since I 

increases tow ards noon, and  decreases a fte r  noon, positive  charge tends to  

accum ulate  over th e  post m eridiem  hem isphere, an d  negative over th e  an te  

m eridiem  hem isphere.

A ny accum ulation of charge w ould set up  p o ten tia l differences opposing th e  

accum ulation, and  tend in g  to  equalise th e  d rif t-cu rren t in  each la titu d e . B u t 

owing to  th e  long free p a th s  of th e  charges in  th e  d rift-cu rren t layer, a p o ten tia l 

g rad ien t along th e  circles of la titu d e , th a t  is, transverse  to  th e  m agnetic 

m eridians, will have little  d irect effect in  opposing th e  accum ulations ; in stead  

of th is  i t  w ould ten d  to  m ake b o th  th e  positive and  negative charges m ove 

upw ards* or dow nw ards norm al to  th e  m agnetic  field. B u t th e  m edium  is 

highly conducting along th e  lines of force, and electricity  can flow freely in  

th is  direction to  or from  th e  conducting  layer below ; th e  d rif t-cu rren t layer 

is, as i t  were, connected to  th e  conducting layer by  a sheaf of la te rally  insu lated  

conductors lying  along th e  lines of force. H ence no serious accum ulation of

L et I  (0) denote th e  m ean  value  of 1 (0 , cf>) ro u n d  a circle of co la titude  0, i.e.,

L et

I  (0, 0) =  I  (0) +  A I (0, </>).

* U p w a r d s  o v e r  t h e  s u n l i t  h e m is p h e r e .
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Solar Diurnal Variation o f Earth's Magnetism. 383

charge can be set up, because th is  w ould produce large po ten tia l g radients  

n o t only in  th e  d rif t-cu rren t layer, b u t also in  th e  conducting  layer below. 

Thus th e  drift-curren ts  w ould produce closed electrical circuits p a rtly  t r a 

versing th e  conducting layer; charge w ould accum ulate  u n til th e  po ten tia l 

g rad ien t ju s t enabled th e  curren t, th e  am oun t of w hich is determ ined  by  th e  

value of N ' in  th e  d rift-cu rren t layer, to  overcome th e  resistance of th e  rem ainder 

of th e  circuit. The re su ltan t curren t-system  w ould resem ble th a t  shown in 

th e  figure, except th a t  th e  cu rren t foci w ould be on th e  noon m eridian, or 

slightly later, where N ' has its  m axim um  value.

Over th e  n igh t hem isphere th e  d rift-cu rren t A I (0, <j>) is w estw ard, as in  fig. 1, 

b u t th e  whole cu rren t I  (0, <j>) is everyw here eastw ard. H ence I  (0) m ust 

a t  least equal th e  m axim um  w estw ard value of A I (0, </>), so th a t  th e  noon 

cu rren t I  (0) -f- A I(0 , </>) m ust be n o t less th a n  th e  num erical sum of the  

m axim um  eastw ard and w estw ard current-in tensities in  th e  day  and n ight 

hem ispheres ; th is  is approx im ately  3 . 10-5 e.m .u. (§1). The value of N ' 

required to  m ake I max. =  3 . 10 "5 is 2 . 1014, or ab ou t 1/250 tim es th e  num ber 

required by  th e  diam agnetic theory . I t  therefore seems clear th a t  th e  d ia 

m agnetism  can account for a t  m ost less th a n  1 per cent, of S.

19. The positive ions will move eastw ard and th e  negative ions and  electrons 

will move westwards, w ith velocities lying between 5 and  15 cm./sec. I t  m ay  

be shown th a t  these opposing drifts will scarcely affect th e  d is tribu tion  of th e  

various kinds of charge, when th e  processes of ionisation and  recom bination 

are tak en  in to  account. Consider, for example, th e  change of n+ ; th e  

equation is

(3 — a + _ n +w_ a +en+ne s ( « + y + )

a sin 0 d<f> '
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38 4 S. C hapm an.

w here (3 denotes th e  ra te  of fo rm atio n  of ions per cubic cen tim etre , an d  th e  

oc’s are coefficients of recom bination , w hile th e  la s t te rm  represen ts  th e  ra te  of 

accum ula tion  owing to  th e  d rif t of th e  ions ; Y + is independen t of </>. W e may- 

rep lace d/dt by  djccf), reckoning  ^  in  tim e-u n its  (seco n d s); if </> is th u s  reckoned 

also in  th e  la s t te rm , w here as w ritten  i t  is supposed  reckoned  in  c ircu lar 

m easure, we m u st m u ltip ly  th e  la s t te rm  b y  86 ,400 /t t . H ence th e  equation  

m ay  be w ritten

Since V + is of order 10, while a =  6 - 8 . 108, th e  first 

from  1 b y  on ly  2 . lO-4 , w hich is negligible. T hus th e  d rif t has only a m in u te  

p ro p o rtio n al influence on th e  d is tr ib u tio n  of th e  positive  ions (and  likewise for 

th e  negative  ions an d  electrons), w hich will be m ost num erous on or near th e  

noon m erid ian .

20. The ty p e  of S an d  its  cu rren t-sy stem  can  be explained  e ither by  th e  

d y n am o  th eo ry , or b y  th e  d iam agnetic  th eo ry  of R oss G unn, or b y  th e  hypo thesis 

(the  “ d rif t-cu rren t th eo ry  ” ) th a t  th e  d rif t-cu rren ts  are  th e  m ain  cause.

The diam agnetic  an d  d rif t-c u rre n t th eo ries are  m ore  definite th a n  th e  

dynam o th eo ry , because th e y  depend  on ly  on th e  d is trib u tio n  of ions and  

electrons in  th e  u pper a tm osphere , while th e  dynam o .theory involves th is  and  

also th e  unknow n convective m otion  of th e  u p p er air. The tw o form er theories 

im ply  th a t  th e  S -curren t foci should  be on or sligh tly  a fte r th e  noon m eridian, 

in s tead  of 1 or 1 |  h o u r before, as th e  observations ind ica te . The dynam o 

th eo ry  is n o t com m itted  to  an y  definite p red ic tio n  of th e  phase, so long as we 

rem ain  ig n o ran t of th e  convective m otion  in  th e  u pper a tm osphere  ; b u t in  so 

far as th e  a tte m p t has been m ade, first b y  Schuste r an d  then , ra th e r  differently, 

by  th e  w riter, to  connect th ese  m otions w ith  those observed in  th e  lower 

atm osphere, th e  resu lt has no t been  en tire ly  favourab le  to  th e  dynam o theory . 

Schuster considered b o th  th e  d iu rn a l an d  sem id iurnal atm ospheric m otions 

as in d ica ted  b y  th e  barom eter, an d  found th a t ,  tak in g  self-induction in to  

account, th e  p red ic ted  varia tio n s  were from  2 to  2 f  hours la te r  th a n  th e  

o b se rv ed ; th e  w riter, considering only th e  fu n d am en ta l sem id iurnal oscillation, 

found  a sim ilar phase difference betw een th e  pred ic tion  an d  observations. The 

discrepancy is therefore  a b o u t tw ice as g rea t as on th e  d rif t-cu rren t hypothesis.

If, as I  have  recen tly  suggested, th e  convective m otion is an  independen t one 

associated w ith  a large d iu rn al varia tio n  of tem p era tu re  in  th e  upper a tm os

phere, and  if th e  corresponding pressure v a ria tio n  is n o t com plicated by

8-64  . 104 

2-na sin  0
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Solar Diurnal Variation Magnetism. 3 8 5

resonance, b u t has its  m axim um  a t th e  sam e tim e as th e  tem pera tu re , th en  the  

cu rren t foci for th e  circu it w hich is eastw ard  a t  th e  eq u ato r should be on or 

a fte r th e  18h m eridian. Thus th e  phase of S constitu tes a real difficulty in 

all th e  th ree  theories, and  possibly m ost of all for th e  dynam o theory .

I t  m ay, however, be possible to  explain th e  phase of S by  th e  dynam o theory, 

if i t  can be shown th a t  there  is an  inversion or large change of phase of th e  

upper-atm ospheric d iu rnal convection. A lternatively, S m ay  be m ainly due 

to  drift-curren ts, b u t also p a rtly  to  dynam o-action, th e  la tte r  being called upon 

to  account for th e  advance of th e  current-foci from  noon to  abou t l l h  ; this 

hypothesis likewise requires a com plete or p a rtia l inversion of th e  high-level 

diu rnal convection. The second, of these  theories m ay  be called th e  “ d rif t -j- 

dynam o ” hypothesis. Because of th e  definite sm all discrepancy of phase, 

i t  does n o t seem possible to  account for S by  d rift-cu rren ts  alone.

2 1 . The u ltim ate  choice betw een th e  various proposed theories will depend 

largely on th e  determ ination  of th e  d is trib u tion  of ions and  electrons in  the  

upper atm osphere. The d rif t-cu rren t and  diam agnetic  theories are concerned 

m ainly w ith th e  d iu rnal varia tion  in  th is  d is tr ib u tio n ; th ey  would be u n 

affected by  a layer in  w hich th e  electron or ion content, however great, was 

constan t th roughou t th e  day  and  n ight. The dynam o theory , on th e  other- 

hand, would be affected by  an  add ition  of conductiv ity  uniform  throughout 

th e  24 hours ; however, th e  rad io evidence suggests th a t  in  th e  layer, from  100 

to  abou t 170 km ., where th e  m ain  conductiv ity  exists, th e  free charges are 

m uch reduced by  th e  recom bination during th e  nigh t.

Since th e  num ber of free charges canno t be negative, th e  m inim um  values 

of N d or N ' a t  th e  equato r a t  noon requ ired  to  explain S by th e  drift-curren t 

or diam agnetic theories are equal to  th e  difference between th e  m idn igh t and 

noon values of N ; as has been seen, th ey  are approxim ately  5 . 1016 and  2 . 10] 

Since N d and  N ' m ust be nearly equal, by th e ir definition, i t  is clear th a t  if JS (i 

were 5 . 1016, th e  d rift-curren ts would be g reat enough to  produce a diurnal 

m agnetic varia tion  250 tim es as intense as is observed. This consideration is 

fa ta l to  th e  diam agnetic theory, despite its  a ttrac tiv e  charac ter from  a q u a lita 

tive  standpo in t. I t  seems possible to  conclude th a t  th e  diam agnetism  of the  

outer atm osphere m akes only an  insignificant con tribution  to  S.

F urth er, unless we are to  adm it th e  unlikely hypothesis th a t  S is due to  two 

or more independent causes producing effects which nearly balance one another, 

i t  seems possible to  conclude th a t  th e  difference between th e  noon m axim um  

and night m inim um  of N ' on th e  equator cannot exceed 2 . 1014.

The diam agnetic theory  having been elim inated, the  choice seems narrowed

V O L . c x x n .— a . 2 c
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3 8 6  Solar Diurnal Variation o f Earth's Magnetism.
#

down to  th e  dynam o theory , or th e  “ d rif t +  dynam o ” th eo ry . The la tte r  

can  be excluded if i t  can be shown th a t  in  th e  ac tu a l a tm osphere  th e  difference 

betw een th e  noon m axim um  and  n ig h t m in im um  of N ' on th e  eq u ato r is m uch 

sm aller th a n  2 . 1014 (e.g., on ly one-ten th  as great) ; if, how ever, th is  difference 

is shown to  be a b o u t equal to  2 . 1014, th e  d rif t th eo ry  will be substan tia lly  

confirmed,* b u t th e  dynam o th eo ry  m u st p ro b ab ly  still be called upon  to  

account for th e  advance of phase. The dynam o th eo ry  will rem ain  a possible 

exp lanation  e ither of th e  m ajo r p a r t  of S, or of an  appreciable  frac tion  of S (in 

conjim ction w ith  th e  d rift-cu rren ts  as th e  m ajo r cause), unless b o th  th e  con

d u c tiv ity  of th e  layer, an d  th e  phase or in te n s ity  of th e  d iu rna l convection, 

can be proved  inadequate .

22. Besides se ttin g  an  upper lim it to  th e  d iu rn a l v a ria tio n  of N ', th e  magnetic- 

observations place a re s tric tio n  upon  its  m ean  value, because th e  la tte r  

affects th e  p a r t  of th e  e a r th ’s m ean  m agnetic  field w hich is due to  ex ternal 

causes. The various spherical harm onic  analyses of th e  field have shown th a t  

th e  ex ternal p o rtio n  is on ly a sm all frac tio n  of th e  whole, too  small, indeed, 

to  be inferred a t  all accu ra te ly  from  th e  m agnetic  d a ta . This im plies th a t  

th e  e a r th ’s m agnetic  field above th e  ionised atm osphere  is nearly  th e  sam e as 

if th e  a tm osphere were a b s e n t ; in  th is  respect th e  e a r th  is very  different from 

th e  sun, whose atm osphere a lm ost com pletely  im prisons th e  in te rn a l m agnetic 

field, so th a t  no lines of force ex ten d  beyond th e  d rif t cu rren t layer existing 

in  and  below th e  reversing la y e r .f

A ccording to  L. A. B au er’s analysis of th e  e a r th ’s field, for 1922, th e  p a r t  of 

th e  field of ex te rnal origin is d irec ted  no rth w ards and  upw ards (in th e  n o rth ern  

hemisphere), th e  horizontal com ponen t a t  th e  eq u ato r being ab ou t 450y ; 

th is  corresponds to  a cu rren t-in ten sity  I  in  th e  a tm osphere  of 5 • 4 . 10-4  e.m .u., 

or, if th e  cu rren ts  are  supposed to  be “  d rif t-cu rren ts ,” to  a m ean  equato rial 

value 6 - 6 . 1015 for N '. This m ay  be ta k e n  as an  upper lim it of th e  m ean 

value of N ' round  th e  equator.

* I n  t h i s  c a s e  t h e  g e n e r a l  d is c u s s io n  o f  t h e  c u r r e n t - s y s t e m  g iv e n  in  § 18  m u s t  b e  s u p p le 

m e n t e d  b y  a  m a t h e m a t ic a l  in v e s t ig a t io n .

t  C h a p m a n , ‘ M .N .R .A .S . , ’ v o l .  8 9 , p .  5 7  ( 1 9 2 8 ) .
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