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Geo-€electrical structure of the mantle beneath the I ndian region
derived from the 27-day variation and its har monics
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Estimates of the C-response function were determined by Z : H method to obtain conductivity and depth values
for a substitute perfect conductor (conductosphere) beneath the Indian region, utilizing geomagnetic variations at
periods of 27-day and its harmonics. Two and half years of continuous geomagnetic data were utilized. These data
were recorded during 1975-77, at a chain of 13 stations confined to the 150° geomagnetic longitude band, which
extended from the dip-equator at the southern tip of India, to the northern parts of Russia. Complex demodulation
techniquewas employed to determinethe electromagnetic (EM) responses. Taking advantage of the denselatitudinal
distribution of the observatories, the demodulates of all the stations were tested statistically to check the validity of
the P approximation for the inducing field. Single-station response estimates, for a 27-day period, computed by a
robust method have shown that reliable EM responses (consistent with P source dependence and with local 1-D
Earth structure) could be obtained for only 6 stations, all situated in the mid-latitude region. The depth estimates at
all 6 stationsare consistent, including Sabhawala (SAB) which issituated closeto the Himalayan collision zone. The
negligible differences in the depth estimates of these mid-latitude stations do not show any latitudinal dependence,
as against such an observation reported for the European and the North American regions. The mean depth of the
conductosphere isfound to be 1200 (£200) km, with an average conductivity of 0.7 (£0.3) SYm. Comparison of the
mean geo-€electrical structure with those of other regional model s shows that the presence of amid-mantle conductor

at 850 km depth could be considered to be a global phenomenon.

1. Introduction

A successful determination of the mantle conductivity dis-
tribution using long-period geomagnetic variations essen-
tially depends on (i) a priori knowledge of the spatial struc-
ture of the inducing field and (ii) the nature of the local 1-D
internal structure of the Earth. The spatial structure of such
long-period (>3-4 days) variations of global origin, gener-
ated by a symmetric magnetospheric ring current, can ade-
quately be represented by a single Pf zonal harmonic term
(Chapman and Price, 1930; Banks, 1969). At equatorial and
auroral regions, sincethefield variations are largely contam-
inated due to the effects of equatorial and auroral electrojets,
the PY zonal approximation of the inducing source may not
be valid. However, at mid-latitude regions, a zona repre-
sentation of the external source generally holds good. Thus,
Schultz and Larsen (1987) in their global induction study
showed that an electromagnetic (EM) response, consistent
with both a P? nature for the inducing source and a local
1-D Earth structure, could be determined only for stations
situated in the mid-latitude region. Banks and Ainsworth
(1992), by analyzing hourly mean values of two years of
continuous data from as many as 130 observatories world-
wide, confirmed the dominance of the P term in the spa-
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tial representation of long-period variations in mid-latitude
regions. Chandrasekhar and Arora (1992), by establishing
source-field characteristics, determined upper mantle con-
ductivity information for theregion under study inthe present
paper, using geomagnetic storm-time variations. Recently,
Honkuraand M atsushima(1998), while determining aglobal
mantle conductivity distribution using 10 years of datafrom
59 observatories, showed that the validity of the PY approx-
imation generally holds good for geomagnetic variations at
long periods, except for annual and semi-annual variations.

In an attempt to provide more information on the man-
tle conductivity distribution of the Indian region, the present
work (asequel to our earlier study, Chandrasekhar and Arora,
1996), hasbeen undertaken with special attention giventolat-
eral conductivity contrasts at lower mantle depths. This ob-
jective is accomplished by determining robust single-station
EM responses, following a statistical test for the validity of
the P character of the data. Depth estimates obtained for
27-day period are discussed in the light of their dependency
with latitude, and compared with earlier results (Pecova et
al., 1980; Petersons and Anderssen, 1990). After augment-
ing the response estimates with those of Sq analysisobtained
from the same data sets, the geo-electrical structure for the
Indian region is discussed and compared with other regional
models.
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1975/77 Geomagnetic Observatories

Fig. 1. Geographical location of the dense network of magnetic observatories that were operated during 1975 to 77. Data from the stations marked with
“o” were considered for the present study. The dashed lines show the geomagnetic |atitudes and longitudes in 15° steps.

2. TheMagnetic DataBaseand Preparation of the
Dataset for Analysis

The data base comprises daily mean values of the geo-
magnetic D, H, and Z components for 901 days. These
data were recorded at a network of 13 magnetic observato-
rieswhich operated during the International M agnetospheric
Study (IMS) period of 1975-77. All the observatories are
confined to the 150° geomagnetic longitude band and extend
from the dip equator to polar regions (Fig. 1). The selected
epoch corresponds to a declining phase of solar activity, dur-
ing which time the recurrence tendency of magnetic storms
at 27-day intervalsis well defined (Banks, 1969).

Following the procedure outlined in Schultz and Larsen
(1983), the data were statistically corrected in the time do-
main for missing val ues, man-made errors and random noise
(if any), before proceeding for further analysis. This sta-
tistical treatment has shown that in each data set, less than
2 to 3% of the data are outliers. Errors due to bad base-
line values (evident as “step” or “box-car” functions in the
magnetograms), etc. were rare.

Fluctuationsintheintensity of an extra-terrestrial ring cur-
rent encircling the Earth in the geomagnetic equatoria plane
at adistance of afew Earth radii isthe sourcefor geomagnetic

variations at periods of 27-day and its harmonics. The ring
current spatial characteristics at the surface of the Earth can
be represented in terms of a series of odd-degree zonal har-
monics. Since the position of the ring current is controlled
by the Earth’'s main magnetic field, and also since the P?
zonal approximation is valid in the geomagnetic coordinate
system, the geomagnetic reference frame is best suited for
the analysis of long-period variations. Where the observa-
tories are widely distributed over several longitude regions,
it is always preferable to test the data a priori, whether they
are confined to the geomagnetic reference frame or not, for
induction studies at long periods. However, factors such as
the proximity of a station to a nearby sea-coast, the pres-
ence of local (internal) electrical conductivity anomalies, or
the presence of an external non-ring current source might
also seriously contaminate the data with the result that the
recorded field variations are no longer well expressed in the
geomagnetic coordinate system. Although, theformer is not
the caseinthe present study, it is suspected that the strong in-
fluences of the latter might affect the data, particularly when
largelateral conductivity contrastsareknown to exist beneath
the Indian region.

To check for such effects, the data were subjected to a
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Fig. 2. Anexample plot of (a) raw data plotted against its filtered number of data points and (b) its smoothed spectrum, plotted against frequency, for the

H data of one of the stations, Ujjain (UJJ).

time-domain rotational transformation, following the proce-
dure of Schultz and Larsen (1983). The obtained rotation
anglesare givenin Table 1. Itis seen from thistable that the
angles at all the stations are small, and comparable to their
respective declination angles. This result suggests that the
preferred plane, to which the datawere transformed for their

Table 1. Angles obtained after applying the rotational transformation to X
and Y data

Station name Code Rgtation angle l?eclination
(in degrees) (in degrees)
Trivandrum TRD —2.78 -2
Kodaikanal KOD —-241 -2
Annamalainagar  ANN —2.64 -2
Hyderabad HYD —1.63 -1
Alibag ABG —-0.83 0
Ujjain URY —0.55 0
Shillong SHL —-0.78 0
Jaipur JAl -0.81 0
Sabhawala SAB 0.37 0
Tashkent TKT 4.68 4
Alm-Ata AAA 4.48 4
Karganda KGD 8.25 8
Novosibirsk NVS 8.54 8

zonal nature, matcheswell with the geomagnetic co-ordinate
system of theregion in question, and thus the rotation angles
agreewell with thedirection of thelocal dipolefield (Schultz
and Larsen, 1987; Banks and Ainsworth, 1992). Therefore,
in the present analysis, only the un-rotated H data were uti-
lized.

3. Time Series Analysis and Estimation of Com-
plex Demodulates

Each time series of 901 days was subjected to a 30-point
low-pass filter with a cut-off period of 4 days. The filtered
data of length 841 points (after losing 30 points on either
side of the original time series) were extended with zeros to
1728 (= 26x3°) to get optimum resolution of the required
periodicities, centered at 27-day and itsharmonics. The FFT
spectrafor the H component of al stations showed distinct
peaks in the period bands of (i) 25-32, (ii) 11-16 and (iii)
8-10 days, representative of the 27-day period and its har-
monics. An example of such a spectrum, plotted for one
of the mid-latitude stations Ujjain (UJJ), is shown in Fig. 2.
Next, the spectral estimates corresponding to these three pe-
riod bands were subjected to complex demodul ation (Banks,
1975). A tota of 31 demodulate pairs (amplitude and phase),
corresponding to the three period bands, were obtained for
each station. The important aspect of the complex demod-
ulation technique is that each demodulate, representing the
instantaneous power level of the required frequency, can be
treated as an independent entity and can be examined for
source characteristics prior to estimating the EM response.
In other words, the complex demodulati on technique enables
us to deal with the ‘time-local’ estimates of amplitude and
phase for each cycle of the selected frequency in the data se-
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Fig. 3. Bestfit PlO curves (solid lines) for a selected demodulate corresponding to (a) 25-32, (b) 11-16 and (c) 8—10 day period bands. The best fit is
obtained in aleast-squares sense, by considering only those stations represented by solid circles and by excluding the equatorial stations (open circles).
Note the consistency in the Pl0 representation of the H demodulates at all period bands, though there exists a pronounced scatter in Z at the higher
harmonics of 27-day period. For the present analysis, equatorial stations (open circles) and auroral stations (not shown in the figure) have been excluded.

guence, rather than using the averaged amplitude over al the
cycles, as practised in the FFT and other conventional spec-
tral estimation methods. It is this special advantage of the
method that makesit possibleto statistically test the validity
of each demodulate at a given station for zonal dependency,
before using the demodulates for further analysis. Further
mathematical and theoretical aspects of thistechnique, with
applications, are described by Banks (1975). A lucid exam-
ple of the application of this technique has also been given
by Agarwal et al. (1980).

4. Test for P9 cos(9) Dependence of the Inducing
Source Field

In most of the earlier works, the validity of the P ap-
proximation for the inducing field has been assumed, rather
than demonstrated (for e.g., Pecova et al., 1980; Petersons
and Anderssen, 1990; Chen and Fung, 1991). In the present
work, in view of the availability of continuous and uninter-
rupted data from the chosen observatory network (Fig. 1),
it was possible to test the demodulates stetistically, for the
validity of their P dependence. Thisstatistical test hasfacil-
itated to identify some demodulateswhich did not satisfy the
required P} criterion. Perhaps, these demodulates might be
contaminated by external non-ring current (and hence non-
zonal) sources or by some other factors. Recently, Arora
(1999), by applying a principa component analysis tech-

nique to the same dataset used in the present study, has also
studied the effect of non-zonal principal components on the
reliability of the EM response at long periods. Thus, it is
always preferable to identify those datasets, which can be
defined as non-zonal in a statistical sense, and can be ex-
cluded from the analysis.

Figure 3 shows example plots of best-fit P curves for a
selected demodulate at all the stations, corresponding to 25—
32 (3(a)), 11-16 (3(b)) and 8-10 (3(c)) day period bands. It
is seen that the spatial characteristics of the H demodulates
are well defined, and that a regional trend depicting source
characteristics compatible with the PP term is consistent at
al the period bands. While Z demodulates show agood P
consistency for 25-32 day period band (Fig. 3(a)), they show
apronounced scatter in 13.5 and 9 day periods(Figs. 3(b) and
(c)). The scatter appears to increase with decreasing period,
suggesting the influence of lateral inhomogeneities on the
data at these higher harmonics. However, it was found that
these effects (suspected as being due to lateral conductivity
contrasts) were reduced by determining a band-averaged re-
sponse, involving all the stations, for these two period bands.
This procedure is discussed in the following section.

The presence of high conductivity zones and complex tec-
tonic settings in the southern region of India (see figure 1
of Chandrasekhar and Arora, 1994), combined with the in-
fluence of the equatorial electrojet and predominant induc-
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Table 2. Response estimates (depth (h*) and conductivity (o) of the perfect substitute conductor) and their corresponding phases, obtained by a robust
method for the stations shown in Fig. 4 for the period band of 25-32 days. The values given in the parentheses represent the errors associated with the

respective estimates.

Station h* (in km) o (Sim) Phase
Name

Ul 1362-515i (+£53) 060(£0.12)  —20.7° (+2.1°)
SHL 1400-523i (+62) 058 (+£0.14)  —20.5 (£2.49)
Al 1315-341j (+£74) 136(£059)  —145° (+3.1°)
SAB 1331-1062i (+106)  0.14(+003)  —38.6° (3.6
TKT 1277-520i (+51) 058(£0.12)  —22.2° (+2.19)
AAA 1029-703i (430) 032(+003)  —34.30 (+1.49)

tion effects from the adjacent oceans, make the Z variations
recorded at the equatorial stations TRD, KOD and ANN
(opencirclesinFig. 3), highly unreliableat al periods. Also,
the nature of the Z demodulatesis found to be anomalous at
auroral latitude stations (not shown in Fig. 3), as evident by
their significant deviation from the best P? fit. These fea-
tures persist in all the demodulates of equatorial and auroral
latitude stations, and thus the demodulates corresponding to
these stations did not warrant their further usagein the analy-
sis. Thebestfit PP curves(solidlines) in Fig. 3were obtained
without considering the equatorial (shown as open circles)
and auroral stations.

5. Determination of C-response Functions
5.1 Single-station response

For determining the single-station response function, the
Z and H demodulates corresponding to the 27-day period
band were used, as only they showed good agreement with
the expected zonal nature (asin Fig. 3(a)).

The univariate linear regression with the parameter C(w),
as atransfer function between Z(w) and H (w), is given by

Z(w) =C(w) - H(w) + §Z(w) @

where §Z(w) is the residual term in Z. H(w) and Z(w)
represent H and Z at frequency w, and are obtained by

19V

=|-— 2
roo | _g @)
oV

=|— . 3
or | _r

Here V is the magnetic scalar potential, defined for zonal
harmonics as a function of geomagnetic co-latitude 6, by

V(r.0) =RY [e@)(/R)"

+in(@)(R/1)"] Py(cos6) (4

and P, isthe Legendre function of degreen. Ristheradius
of theEarth. e,(w) andin(w) respectively denotetheexternal
and internal partsof thefield at w. Theleast-squaressolution
for C(w) isgiven by

N N
Clw) = [Z Z() - H* @)/ ) H@)- H*(w)] (5)

where “x” denotes the complex conjugate and N denotes
the number of demodulates. C(w) obtained by Eq. (5) is
substituted in Eq. (1) to obtain the calculated Z (w), Zea (w).
Then the error associated with Z(w) is given by

Lo 12
8Z(w) = [m Z(Zdif(w))2:| (6)

where Zgit (w) = Z(w) — Zea (w). The demodulates viol at-
ing the condition

[Zdit (@)] < |8Z(w)] ()

are designated as outliers.
Intherobust approach, theresponseisdetermined iteratively,
by scaling the outliers (see Eq. (7)) with the “median” of the
distribution of thereal and imaginary partsof the residual s of
the Z demodulates (Schmucker, 1998, pers. commn.), until
the condition prescribed in Eq. (7) is satisfied.

5.1.1 Determination of error in C(w) TheerrorinZ
which cannot be predicted by H is given by

<827 >=€*>< 727" > 8
where
€?> = 1— coh? 9)
and
coh? = | < ZH" > * (10)

< 727> - < HH* >

“<>" denotes the average over the number of demodulates.
coh? is the squared coherence between Z and H. If (1-8)
isthe probability that the estimator |C| lies within the range
[IC| — AC, |C| + AC], then AC, the error estimate of C is
given by (Schmucker, 1999)

2 €? 1\Ym
Il 'coh2'|:<E) _1]

where m = (y — 2)/2 can be found from the degrees of
freedom y (= 2N), of the averaging process. AC can be

AC? = (11)
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Table 3. Depth (h*) and the conductivity (o) of the perfect substitute conductor for three different period bands, representing 27-day period and its
harmonics. The valuesin the parentheses depict the corresponding error estimates.

Period band Weighted mean Weighted mean
(days) h* (km) conductivity (S§/m)
25-32 1177 (+191) 0.34 (+0.19)
11-16 900 (+101) 0.23 (+0.08)

8-10 825 (+296) 0.15 (+0.10)

treated equal for both Re(C) and Im(C). In the present com-
putation, the errors have been calculated for =0.05. i.e.,
for 95% confidence level.

The real (in-phase) part of the C-response (ReC(w)) gives
the central depth (h*) of the induced currents, and the imagi-
nary (out-of-phase) part (ImC (w)) yields, approximately, the
conductivity (o) at the penetration depth. The conductivity
can be estimated by (Lilley and Sloane, 1976)

o = [08rw(ImC@)?] . (12)

Table 2 shows the response estimates and their correspond-
ing phases, together with their respective error estimates ob-
tained for individua sites, corresponding to the 25-32 day
period band.

5.2 Band-averaged response

In determining the band-averaged response, first, the re-
sponse for each individual Z-H demodulate pair of all the
stations corresponding to each band was calculated using
Eq. (5). That means, in this exercise, N in Eq. (5) denotes
the total number of stations.

The obtained response was used to determine Zg, val-
ues for each station for their subsequent error test shown in
Eq. (7). If the Z demodulate of any station failed to meet
the Eq. (7) criterion, then the response was recomputed, after
rejecting that station’s Z-H demodulate pair. This iterative
procedure became necessary, for some demodulates corre-
sponding to the 11-16 and 8-10 day period bands. Then
using the responses of all the demodulates corresponding to
each band, the band-averaged response was determined fol-
lowing the procedure of Beamishand Banks(1983). Itiswor-
thy of mention here that because of this averaging process,
the effect of pronounced scatter of the demodulates corre-
sponding to the 11-16 and 8—10 day period bands (Figs. 3(b)
and (c)) was averaged out, leading to a reliable and mean-
ingful band-averaged response at these higher harmonics of
27-day period.

Table 3 shows the band-averaged responses for the three
period bands, together with their errors. The solid curvein
Fig. 5(a) depicts these band-averaged responses.

6. Discussion
6.1 Lateral variationinthedepth of theconductosphere
The robust approach adopted in determining the single-
station response has resulted in producing reliable response
estimatesfor only 6 stations, viz., UJJ, SHL, JAl, SAB, TKT,
AAA. These stations, al situated in the mid-latitude region,
signify the fact that only they show consistency with a P?
dependence of the inducing source (see Fig. 3(a)) as well

aswith alocal 1-D internal electrical structure of the Earth.
This observation is consistent with those of Roberts (1986),
Schultz and Larsen (1987), Banksand Ainsworth (1992) and
many others.

It is seen from Table 2 that the responses at all the mid-
latitude stations strictly satisfy the inequality criteria, viz.,
ReC(w) > 0and ImC (w) < 0 prescribed by Weidelt (1972).
Whittal and Oldenburg (1992) suggested that, for an EM re-
sponse to represent a true conductosphere model, the phase
of C(w) (i.e., Arg (C(w))) should satisfy the condition —x /4
< Arg(C(w)) < 0. The derived responses at these 6 mid-
latitude stations satisfy these conditions and thus they rep-
resent a reliable conductosphere model. Interestingly, the
depth estimate at SAB is stable and matches well with those
of the adjoining stations, particularly those situated south
of SAB, although lateral inhomogeneities are known to exist
near thisstation (for e.g., Nityanandaet al., 1981) because of
its close proximity to the Himalayan collision zone. Perhaps
at SAB, the effect of near-surface lateral inhomogeneities
could have been masked due to the induction at the long
periodsin question.

Figure4 showsacontour plot of the conductospheredepths
for the stations shown in Table 2. From thisfigure, it is seen
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Fig. 4. Contour plot of the conductosphere depth, h* (in km), for the period
band of 25-32 days, for 6 mid-latitude stations (Table 3), whose response
iscompatible, both with the Pf approximation of theinducing source, as
well aswith alocal 1-D internal structure of the Earth.
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Fig. 5. Comparison of the geo-electrical structure of the mantle for (a) the Indian region, obtained by augmenting the Sq analysis results (dashed line)
of Aroraet al. (1995) with the present study (solid line), (b) the European region (after Olsen, 1998) and (c) the Pannonian basin, the North American
region and the Canadian craton (Semenov et al., 1997; Egbert and Booker, 1992; Schultz et al., 1993). The conductivity increase at 850 km depth range,
depicting the presence of a“mid-mantle conductor”, which is clearly seen in al the regions, can be considered to be a global phenomenon.

that the depths at each individua station are similar, and give
amean depth range of about 1200 (£ 200) km for thisregion
(Table3). A relationship between conductospheredepthsand
latitude has earlier been reported for the European (Pecova
et al., 1980) and North American (Petersons and Anderssen,
1990) regions. While Petersons and Anderssen (1990) con-
sidered thedecreasein depth of conductospherewithincrease
inlatitude at any given period to be acharacteristic of thereal
Earth, Pecova et al. (1980) attributed these gradients to be
indicative of some deep E-W striking feature below central
Europe. Though the depths obtained for the Indian region
might first suggest alatitudinal dependence, the differences
in the depth estimates are in fact negligible, when compared
with the error estimates at individual sites, and so do not per-
mit such an interpretation of these datafor the Indian region.

Since the mid-latitude stations show convincingly their
agreement with both a P1° approximation and a 1-D internal
electrical structurefor 27-day period, these datasets could be
analysed at further longer periods, for probing still greater
depths beneath the Indian region. Such a study is under
consideration.

6.2 Comparison of the derived conductivity-depth
profilewith other regional models

Figure 5 shows conductivity-depth profiles for the Indian
region obtained by augmenting the Sq analysis results of
Arora et al. (1995) with the band-averaged response of the
present study (Fig. 5(a)), for the European region (Fig. 5(b))
and for the Pannonian basin and other regions (Fig. 5(c)).
Arora et al. (1995) discussed the conductivity profile up to
500 km depth, derived from the analysis of Sq variations (the
dashed linein Fig. 5(a)) utilizing the same data sets as used
in the present study. Hence, only the geo-electrical profile
corresponding to the periods of 27-day and itsharmonics (the
solidlinein Fig. 5(a)) isdiscussed here, by comparing it with
other regional models.

Geo-electrical structures of the lower mantle, obtained by
combined magnetotelluric (MT) and magnetovariational re-
sponses in the Pannonian basin (Semenov et al., 1997), by
very long period MT response at Tucson observatory (Egbert
and Booker, 1992) and for the Canadian craton (Schultz et
al., 1993), show an increased conductivity at 850 km depth

(Fig. 5(c)). However, the conductivity increase reported for
Tucson observatory is not significant, when compared with
that of other regions (as shown in the same plate, Fig. 5(c)).
The EM response obtained by the combined analysis of Sq
and geomagnetic storm-time variations for European region
(Olsen, 1998) aso shows a well-marked conductivity in-
crease at around 800 km depth (Fig. 5(b)). Semenov et al.
(1997) attribute this enhanced conductivity to be a manifes-
tation of a mid-mantle conductor at 850 km. The present
results (the solid line in Fig. 5(a)) also show a conductivity
increase at the depth range of 800-900 km, between the 2nd
and 3rd harmonics of 27-day period, corroborating this ob-
servation. Sincethese new evidences show that the electrical
conductivity mapped in many regions has a pronounced in-
crease at the depth range of 850 km, it may be surmised that
the presence of a mid-mantle conductor at this depth range
could be considered to be a global phenomenon. The main
feature of such a mid-mantle conductor is that it is situated
much deeper than the well-known 660-km seismic disconti-
nuity, where the —y phase change is observed to produce a
discontinuous conductivity change (Omura, 1991). (On this
matter, the present data set could not resolve such a conduc-
tivity ‘step’ at 660 km because of the restricted frequency
range in the data.) Another possibility would be to relate
an electrical conductivity increase at 850 km with a 920-
km seismic discontinuity, asreported by Kawakatsu and Niu
(1994) for the Japanese islands.

7. Conclusions

Reliable single-station response estimates, consistent with
a P? dependence of the source field and alocal 1-D internal
Earth structure, could be obtained for 6 stations, situated
in the mid-latitude region along the Indo-Russian chain of
stations (Fig. 1). The single-station response estimates were
determined by arobust method after statistically testing the
data for the validity of a P approximation of the inducing
source. Conductivity and depth estimates thus obtained are
fairly constant, and do not demonstrate a variation in the
depth of conductosphere asafunction of latitude, asreported
elsewhere. The mean depth of a perfect substitute conductor
inIndianregionisdetermined to be 1200 (+200) km, with an
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average conductivity of 0.7 (£0.3) SYm. Anincreasein the
estimated conductivity in the depth range of about 800—900
km may be due to the presence of a mid-mantle conductor,
which can be considered to be a global phenomenon. A
further study of still longer period variations of the 6 mid-
latitude stations is under consideration.
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