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ABSTRACT 

Recent views on the equatorial electrojet are briefly reviewed. Seasonal and annual 
values of the quiet day ranges of H and 2 are calculated for the four Indian magnetic 
observatories, Alibag, Annamalainagar, Kodaikanal and Trivandrum for all the years 
for which data are available. Ranges H and 2 on quiet days are shown diagrammatically 
for the years of sunspot maximum and sunspot minimum. Mean annual values of half- 
width of the equatorial electrojet have been calculated using Kodaikanal and Anna- 
malainagar data. A comparison is made with earlier studies. It is inferred that the half- 
width is of the order of 300 km in the Indian region. The correlation between helf- 
width and sunspot number is insignificant. The correlation coefficient between current 
intensity and sunspot number is very high, suggesting almost a linear relationship. 
Taking the rSq(2) value, excess of the lowest daytime hourly value of 2, over its night- 
time value, on a local day nearest to the international quiet day, as an indication of the 
proximity of the station to  the jet center, it is inferred that the jet moves opposite the 
sun, in agreement with the findings of PRICE & WILKINS (1963) end of Mason (1963). 
A comparison of the electrojet current intensity at different longitudes shows that the 
intensity is highest in the South American region and lowest in the Indian and Central 
Pacific areas. 

1. Introduction 

Opening of the geomagnetic observatory a t  
Huancayo, Peru (South America) in 1922 in 
the magnetic equatorial region, soon brought 
to light a feature of considerable interest, viz., 
the abnormally large diurnal range in horizontal 
intensity. EGEDAL (1947) attributed this to a 
narrow band of intense current in the iono- 
sphere. CHAPMAN (1951) called it-“The Equa- 
torial Electrojet”, in analogy with “Jet Stream” 
in meteorology. Later work has shown that the 
electrojet exists in other longitudes also, along 
the magnetic equator. BAKER & MARTYN (1953) 
theoretically explained the equatorial electrojet 
phenomenon and attributed it to the existence 
of anomalously large East-West conductivity 
at the base of the E-region resulting from the 
inhibition of the Hall currents caused by the 
insulative base. Recently however, OSBORNE 
(1964) has expreeaed that this interpretation 
may need further examination and considera- 
tion. 

A detailed survey of the equatorial electrojet 
has been made by ONWUMECHILLI (1959) in 

l Presently at Goddard Space Flight Center, 
Greenbelt, Maryland, USA under NAS-NASA 
Research Associateship. 
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Nigeria (Africa) and by FORBUSH & CASAVERDE 
(1961) in Peru (South America). O G B U E H I ~  
ONWUMECHILLI (1962) also computed the en- 
hancement due to high sunspot number, of the 
electrojet intensity from observations at Iba- 
dan during 1957 and 1962 and over Peru (1964). 
MASON (1963) discussed the electrojet charac- 
teristics over Jarvis in the Central Pacific. A 
preliminary study of the electrojet over India 
has been made by YACOB & KHANNA (1963). 

In the present paper, seasonal and sunspot 
cycle variations in the electrojet current in- 
tensity over the Indian area have been studied. 
It is inferred that the jet center moves opposite 
the sun seasonally, that is, when the sun moves 
north in June solstice, the jet center moves 
south and when the sun moves south in De- 
cember solstice, the jet center moves north; 
but the movement is very small, of the order 
of 10 km. A comparison has been made of the 
electrojet intensity a t  various longitudes for 
the IGY period 1958. 

2. Recent views on electrojet 
ONWUMECHILLI (1959), FORBUSH & CASA- 

VERDE (1961) and OSBORNE (1962, 1963), con- 
ceive the jet current as a superposition on the 
normal or worldwide Sq current system. There 
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Table 1. Data for Ind ian  magnetic Observatories. 

Geographic Geomagnetic Dist from - Period of mag. equator 
Observatory Dip. Lat. Long. Lat. Long. data km 

~~ 

Alibag 24"39'N 18"38'N 72"52'E Q"36'N 144" 1950-63 1075 
Annamalainagar 5"22'N ll"24'N 78"41'E 1'32" 150" 1958-63 297 

198 Kodaikanal 3"36'N lO"14'N 77'30'E O"36'N 147" 
Trivandrum O"43'S 8"29'N 76"57'E l"05'S 146" 1958-63 40 

1950-48 

might have been some strength in this conten- 
tion in the early days of the electrojet study 
when observations in the electrojet region were 
meager and it was not known definitely that 
the electrojet enhancement was confined only 
to the daytime. It was then thought that the 
observed abnormally large diurnal range was 
far greater than the range obtained from theo- 
retical considerations of the dynamo theory and 
hence it was necessary to think of an additional 
current system, apart from the dynamo cur- 
rents, to explain the abnormality. The work of 
BAKER & MARTYN (1953) showed that the 
equatorial electroket is consistent with t,he 
dynamo theory, as there is one abnormally 
large conductivity, the Cowling conductivity 
in the magnetic equatorial region, and there is 
no need to invoke an  additional current system. 

OSBORNE (1963) found very poor correlation 
( - 0.04) between the jet and the normal fields. 
This lack of correlation between the 'normal' 
and the 'jet' fields does not imply that the jet 
is different from a worldwide Sq. For, the jet 
effect is due to the Hall polarization in the 
magnetic equatorial region where the vertical 

magnetic field is zero, and the polarization is 
much smaller, once the vertical field becomes 
significant. Therefore, the physical process 
taking place inside the narrow belt of the elec- 
trojet, is absent outside the belt. While it may 
be convenient to divide the observed geomag- 
netic daily ranges in the electrojet region into 
( a )  the world-wide Sq part and ( b )  jet part 
(observed-world-wide) for certain computatio- 
nal purposes, the electrojet effect should how- 
ever be considered as the daytime enhancement 
of the normal Sq field. PRICE & WILKINS (1963) 
have already discussed this view in their ad- 
mirable analysis of the Sq field. We therefore 
consider in the present analysis, that  the elec- 
trojet is only a daytime enhancement of tho 
normal Sq field. 

3. Range on quiet day (rSq) 

As seen from observations, the electrojet is 
absent in the nighttime but most active during 
the local noon. To enable the calculation of the 
electrojet width and intensity, appropriate H 
and 2 ranges at the observatories under the 

Tablc 2.  Mean  values in y,  of rSq(H)  and rSq(Z) for the seasons j ,  e, d ,  during periods of sunspot 
minimum and maximum. 

Sunspot minimum 

Annamalaingar (1963) 64 70 53 63 
Kodikanal (1954) 53 73 55 62 
Trivandrum (1963) 75 96 67 81 

Sunspot Maximum (1958)  
Alibag 78 75 61 71 
Annamalainagar 114 135 101 115 
Kodaikanal 133 163 113 135 
Trivandrum 142 180 125 146 

Alibag (1963) 37 34 33 35 27 27 5 22 
19 33 18 23 
16 25 8 17 
18 23 25 20 

24 39 14 24 
35 48 35 58 
25 40 27 30 
40 49 37 41 

Tellus XIX (1967), 2 
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Fig. 1. Seasonal values of rSq(H) and rSq(2) during 
the sunspot maximum year 1958. (i =May to Au- 
gust; e =March, April, September and October; 
d =November to February). 

equatorial electrojet will have to be used. The 
method of calculating the daily range of the 
magnetic elements has recently been discussed 
in detail by PRICE (1963) and CHAPMAN& 
RAJA RAO (1965). In  the present paper, monthly 
mean Sq ranges in H and 2 as defined by CHAP- 
MAN & RAJA RAO (1965) have been used. The 
rSq ranges used are thus zero in the night, as 
the mean value for the local hours 1, 2, 3, 22, 
23, and 24 has been taken as the datum and 
rSq is the excess of the highest noon mean 
hourly value over this datum value. 

rSq is considered to be the most appropriate 
range for computations of width and intensity of 
the electrojet. On the contrary if the absolute 
ranges (maximum-minimum) of H and 2 are 
used, the computations are likely to be in error 
by the appearance of the early morning mini- 
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Fig. 2. Seasonal values of rSq(H) and rSq(2). 
during the sunspot minimum. ( j  = May to August; 
e =March, April,. September and October: d = 
November to February). 

mum in H. Also it is much affected by magnetic 
disturbances. Hence it is not suitable aa a mea- 
sure for computing the electrojet intensity. 
Some workers (OSBORNE, 1963) used the average 
of 1000-1300 hours to represent the noon value. 
This method of computing the day value will 
smoothen the peak noon intensity. The errora 
involved in either of these two methods would 
be eliminated if the highest daytime hourly 
mean value is taken to represent the noon value. 

rSq(H) and rSq(2) have been computed for 
the Indian magnetic observatories listed in 
Table 1, for the period indicated against each 
observatory. 

(The seasonal and annual means of rSq(H) 
and rSq(2) during the sunspot minimum and 
t>he sunspot maximum for the years mentioned 
are given in Table 2; j =May to August, d = 
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3. Calculated rSq(Z)/rSq(H) against half-width of the electrojet, for different distances 
magnetic equator. 

November to February, e =March, April, 
September and October). 

Figures 1 and 2 graph the seasonal Sq varia- 
tions in H and 2 in 1958, a year of maximum, 
and in 1963, a year of minimum sunspot acti- 
vity, for the observatories Alibag, Annamalai- 
nagar, Kodaikanal, and Trivandrum. For 
Kodaikanal the year of minimum sunspot 
1954 has been used. rSq(H) is maximum in the 
equinoctial season a t  all the equatorial stations. 

4. Computation of width and intensity of 
the electrojet 

We assume that the electrojet is a narrow 
band of half-width ,9 and uniform current in- 

tensity “C” and that the height “h” of the 
electrojet over the earth’s surface is 110 km 
(CAHILL 1959). The euqations for the H and 2 
ranges are (CHAPMAN, 1951): 

H = 0.2 C tan-’ (2Bh/[hz + x 2  - ,PI) (1) 

2 =O.lClog, { [ ( h 2 + ( z + B ) * ] / [ h a + ( x - B ) e ] }  (2) 

Here z is the distance of the observatory from 
the magnetic equator. Fig. 3 graphs the values 
of ZlH for different /? and x. /? is given running 
values 100, 125, 150 ... 350 km and for each of 
these values, z is assigned values from 0 to 300 
km a t  intervals of 20 km. 

From the rSq(H) and rSq(2) values computed 

Table 3. H and 2 ranges, half width (B ) ,  current intensity (C) of the equatorial electrojet and sun- 
spot number (R) .  

rSq(H) rSq(Z) B C 
Stations Year in y in y in kms. in amps/km R 

I. Kodaikanal 1951 91.1 23.3 282 151.2 69.4 
52 68.7 14.7 301 108.3 31.4 
53 70.1 17.4 287 114.6 13.9 
54 61.7 17.5 262 110.0 4.4 
55 75.0 19.7 278 126.1 38.0 
56 110.8 31.2 266 194.6 141.7 
57 131.1 29.6 305 204.1 189.9 
58 134.5 29.8 307 102.3 184.7 

11. Annamalainagar 1958 114.5 38.3 340 199.5 184.7 
59 101.6 36.6 330 184.5 158.7 
60 90.1 29.3 344 158.1 112.3 
61 74.3 25.9 332 133.6 53.9 
62 65.3 27.9 310 130.3 37.6 
63 63.7 23.0 325 116.3 27.6 

Tellus XIX (1967), 2 
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Fig. 4. Plot of rSq(Hk)/rSq(HT) against /?/h.  
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for the Indian observatories the ratios Z/H 
are obtained. The ratios are corrected for induc- 
tion effect by multiplying 2 and H by 1.66 and 
0.66 respectively. The value of corresponding 
to this ratio, is picked out from Fig. 3 taking the 
value of x pertaining to each station (given in 
table 1) .  x is obtained by expressing in km, the 
dip latitude of a station. Substituting this value 
of /3 in equation (l), the current intensity is ob- 
tained. Table 3 lists the values of b and G, 
calculated from 2 and H of Kodaikanal 
(1951-58) and of Annamalainagar (1958-63). 
The values of sunspot number R are also en- 
tered. 

The half-width of the electrojet varied at 
Kodaikanal from 260 km, (during sunspot mi- 
nimum 1954) to 310 km (during sunspot maxi- 
mum 1958). For Annamalainagar it varied from 
340 km (1958) to 310 km (1962). Kodaikanal 
values may be taken to be more correct as the 
station is well within the electrojet while 
Annamalainagar is on the edge of it. The 
value of the half-width here determined, lies 
within experimental error limits +20 km. 

5. Computation of width from H ranges 

The width of the electrojet could also be cal- 
culated from the ratios of H ranges at two ob- 
servatories in the electrojet region by using 

Tellus XIX (1967), 2 

equation (1 )  suitably. Such an approach has been 
tried for the Indian region by PISHAROTY & 
SREENIVASAN (1962) and YACOB & KHANNA 
(1963). This is now further considered. 

From equation (1)  

H K / H ~  = {tan-1 (2/?h/[h* +xK* -/?*])}/{tan-' 

(2/?h/[h* + XT* - Pal) 1 (3) 

H, and H ,  are rSq(H) ranges at Kodaikanal and 
Trivandrum respectively and X ,  and X ,  are 
the distances of Kodaikanal and Trivandrum 
respectively, from the dip equator. Knowing 
h, x, and xT, the ratio H K p T  is calculated for 
different values of 8. Fig. 4 graphs the varia- 
tion of H K / H ,  with b. Using rSq(H) values of 
(1)  Kodaikanal and Trivandrum and (2) Anna- 
malainagar and Trivandrum, /?/,, is read off 
from the graph for the months and semons of 
1958. The annual value for half-width is about 
350 km in both cams. 

6. Comparison with other similar com- 
putations and discussion 

YACOB & KHANNA (1963) obtained 300 km 
for b using data for the period 1958-59. They 
compared the H ranges of Trivandrum and of 
Annamalainagar. It seem more approprimte 
to compare the range values of Trivandrum 
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with Kodaikanal rather than of Annamalaina- 
gar as the latter is situated on the periphery of 
the electrojet. Also they took for the H range 
the excess of the instantaneous maximum value 
over the value at 0730 hours L.T. The impor- 
tance of taking the rSq, values as defined earlier 
has been emphasized by CHAPMAN & RAJA RAO 
(1965). Further the observed H range has been 
split into the normal and jet effects, the normal 
one being represented by the H range a t  Alibag. 
The electrojet is only a daytime manifestation 
in the equatorial electrojet region, of the normal 
Sq field, as the large Cowling conductivity in 
the magnetic equatorial region is the only na- 
tural conductivity (PRICE and WILKINS 1963, 
BAKER & MARTYN 1953). The splitting up of 
the H range into jet and normal effects there- 
fore appears to be inconsistent with the physical 
process causing the equatorial electrojet. There- 
fore, the rSq values used in the present com- 
putation are the observed ones a t  the observa- 
tories. Pisharoty and Sreenivasan’s calculations 
are based on limited, nonsimultaneous and 
scattered observations spread over the period 
1950 to 1954. They have also separated the 
ranges into jet and non-jet contributions. 
In view of all these, the different results are 
not strictly comparable. 

Regarding the calculation of /3 using H varia- 
tions only, i t  should be remarked that the elec- 
trojet is itself caused by the absence of the 
vertical magnetic field. The intensity of the 
electrojet current is proportional to the in- 
creased conductivity resulting from the Hall 
polarization. Also, the line along which the 
H range is a maximum, need not necessarily 
be the center of the elctrojet. It is therefore our 
view that in the computations involving the 
electrojet, the 2 variation is very important 
and the ratio Z / H  is a measure of the proximity 
of a station to the center of the jet. In this 
connection CHAPMAN’S remarks ( 195 1 ) “Any 
attempt to do this (estimate the height of the 
electrojet and it’s total current intensity) on 
the basis of the Sq(H) data alone must be 
hazardous and uncertain” become relevant. 

In view of the above, a mean value for the 
half-width of the electrojet over the Indian 
region may be taken to be about 300 km. Similar 
estimates for other regions are as follows: 

(1) South America (Peru) 330 km. 
(2) Pacific (Jarvis) 300 km. 
(3) Africa (Nigeria) 220 km. 

7. Change of half-width (8) and current (C) 
in the course of the sunspot cycle 

(Based on observations in Nigeria in 1956 and 
in 1962) OGBUEHI & ONWUMECHILLI (1963) 
discussed the changes of /? and C during the 
sunspot cycle. 

Sunspot 
Period B C number 12 

December 1956 220 248 amps/km 141.7 
June 1962 200 149 amps/km 37.6 

Their computations showed an enhancement of 
60 percent in current intensity and of only 10 
percent in half-width from R = 38 to R = 142. 
It may be stated that 1956 was not the year of 
maximum, neither was 1962 the year of mini- 
mum sunspot number. 

From the yearly values of B in Table 3, based 
on Kodaikanal data the following linear re- 
gression relations are obtained: 

Kodaikanal B = 276.9 ( 1  - 0.00039R);rp~ = 

0.48 
C = 106.2 (1 - 0.0045 R ) ;  rcR = 

0.97 
= 319 (1 - 0.00036 R); rcR = 

0.40 

0.995 

Annamalainagar 

c = 106.8 ( 1  - 0.0046 R ) ;  T c R  =z 

Here rpR is the correlation coefficient (cc) be- 
tween the electrojet half-width B and sunspot 
number R; rcR is the cc between the electrojet 
current intensity and the sunspot number. 
rpR is not statistically significant. 

The equations indicate that the increase in /I 
from sunspot minimum ( R  = 4) to sunspot 
maximum (R = 190) is about 20 km and it is 
7 percent of its value during sunspot minimum. 
Therefore the change during sunspot cycle, of 
the width of t,he electrojet, is very small, and 
it  is corroborated by the low and insignificant 
values of the correlation coefficient. KOTADIA 
(1962) inferred from study of E, data that the 
half-width of the electrojet changes from 250 
km in sunspot minimum to about 350 km in 
sunspot maximum. But our present study with 
rSq(H) and rSq(2) does not indicate such a 
large change. On the other hand the current 
intensity C increases from sunspot minimum 
(R = 4 )  to sunspot maximum (R = 184) by 81 
percent. This is also reflected in the very high 
correlation coefficient of 0.97 Fig. 5 (based on 

Tellus XIX (1967), 2 



SUNSPOT CYCLE AND SEASONAL VARIATIONS 

310 

i 300 - I I I " 0  

0 - 
S 
x - 
* - 
e * 270 - 
-I 0 

- 
260 2 - 
250 I I I 

343 

Kodaikanal values) graphs the variations of 
and C, with sunspot number R. Fig. 6 shows the 
regression lines and the scatter values of C and 
R for Kodaikanal. 

We therefore infer that while the electrojet 
current intensity is very much enhanced during 
high sunspot activity, there is no significant 
alteration in the width of the bend. This should 
be so, for during periods of high sunspot ac- 
tivity, the amount of solar ultra violet radia- 
tion incident on the ionosphere is very large and 
consequently, the electron density is very much 
enhanced. But there is no mechanism by which 
width of the narrow band in which Hall polari- 
zation takes place is extended. The correlation 
between the Sq range and sunspot number for 
the electrojet region is aa close a the correla- 
tion between the two for the region outside the 

electrojet. For Kodaikanal and Annamalainagar 
(observatories under the electrojet) the correla- 
tion coefficients are 0.97 and 0.995 respectively 
and for Alibag (outside the electrojet) it is 
0.991. The Sq field, under the electrojet as well 
cia outside it, gets enhanced in about the same 
proportion. There is no physical process by 
which the boundary of the electrojet moves 
laterally during the changes in sunspot activity. 

9. Seasonal variations of the jet center 

Views are conflicting regarding the movement 
with respect to the sun, of the center of the 
electrojet. P ~ C E  & WILEINS (1951) were the 
first  to report from their analysis of the 1932- 
33 International Polar Year data, that the 
center moves opposite the sun. (That is, when 

I I I 1 
50 I00 I50 200  

100 

SUNSPOT NUMBER R 

Fig. 6. Variation of electrojet current intensity ( C )  with sun8pot number ( R ) .  
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Table 4. 
- 

Electrojet current 
intensity in amp/km 

Station longitude i e d Year 
Geographic 

Jervis 160"02'E 175 266 - 200 
Huancayo 76"18'W 246 291 239 259 
Ibadan 3"54'E 233 293 218 248 
Addis Ababa 38"46'E 241 247 172 220 
Kodaikanal 77'30'E 186 259 161 202 
Annamalainagar 77'41'E 185 241 160 195 

the sun moves north from December to June 
solstice, the electrojet center moves south.) 
FORBUSH & CASAVERDE (1961) did not find 
evidence of seasonal movement of the jet 
center. OSBORNE (1964) concluded that the 
seasonal changes in the jet position in Peru and 
Ghana were within error limits. MASON'S 
(1963) study of the electrojet in the central 
Pacific suggested that the jet center moved 
opposite the sun. OQBUEHI and ONWUMECHILLI 
(1964) found that in Nigeria the center moved 
with the sun. 

Taking the rSq(2) value as an indication of 
the proximity of an observatory to the jet 
center, we infer from the seasond variations of 
rSq(2) a t  Kodaikanal, Annamalainagar and 
Trivandrum that in the Indian region, the jet 
moves opposite the sun, in agreement with the 
earlier findings of Price and Wilkins and of 
Mason, but the magnitude of this movement is 
small, being 10 km. It is possible that as we 
have not split the observed ranges into jet and 
normal ranges, we have not got results similar 
to those of OGBUEHI & ONWUMECHILLI (1964). 
It is, however not known if the seasonal varia- 
tion inside the electrojet viz. equinoctial 
maximum is confined only to the electrojet 
region, and that outside the electrojet, the sea- 
sonal variation of normal Sq is different. 
As discussed earlier, our view is that the electro- 
jet is daytime enhancement of the normal 
Sq field. If this view is correct, the jet center 
moves opposite the sun, seasonally. 

10. Comparison of the electrojet intensity 
at different latitudes 

Using the seasonal values of rSq(H) and 
rSq(2) for 1958 we have calculated the elec- 
trojet current intensity over Jarvis, Huancayo, 
Ibadan, Addis Ababa, Kodaikanal and Anna- 
malainagar. 

(For Jarvis the value of the ratio rSq(Z)/ 
rSq(H) for d seaaon waa too small and the 
corresponding @ value could not be picked up 
from Fig. 3.) Taking the year as a whole, the 
jet intensity appears to be highest in the South 
American Zone and lowest in the Indian and in 
the Central Pacific Zones. The electrojet in- 
tensity has an equinoctial maximum and mini- 
mum in December solistice. 

11. Summary 
(1) The range rSq(H) is a maximum in the 

equinoctial season in the equatorial elec- 
trojet in Indian region, aa at many other ob- 
servatories in the equatorial region. 

(2) The electrojet intensity is maximum in 
equinoctial season in Indian region as well 
as at other longitudes. 

(3) The half-width of the electrojet in the In- 
dian region varied from 260 to 310 km based 
on the Kodaikanal data during the period 
1951-58. The average value of half-width in 
the Indian region may be taken to be 300 km. 

(4) The correlation coefficient between the half- 
width of the electrojet and sunspot number, is 
not statistically significant. The change of 
width is less than 10 percent during a sunspot 
cycle. 

(5) The current intensity increases with the 
sunspot number; the correlation coefficient 
between the two is positive and very highly 
significant. An almost linear relationship is 
suggested. 

(6) By the trend of vertical force variations it 
is concluded that the center of the electrojet 
moves opposite to the sun seasonally. 
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