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[1] The semiannual anomaly (also known as semiannual variation) on the magnetic
activity is a phenomenon that produces clear minima during March and September and
maxima in June and December on the horizontal components of the geomagnetic field.
This phenomenon has been known since the middle of the nineteenth century, but in spite
of the accumulation of measurements and the development of three theoretical models,

a conclusive physical explanation for it has not been developed. The usual approach to
study the semiannual anomaly is by means of geomagnetic indices like the disturbance
storm time, Ds¢, which is based on combining measurements registered on four magnetic
observatories. This work follows a different approach based on the raw horizontal
components registered at the four observatories. The analyses performed aimed to study
and assess the impact of several external parameters, characteristics of the Sun-Earth
environment, on the semiannual anomaly. The influence of the global geomagnetic activity
level, the solar activity level, the solar magnetic polarity, and the rising/declining phase
of the solar radiation cycle is analyzed in detail. The most important finding is that the
semiannual anomaly is always present and that none of the previously mentioned
parameters significantly favor the development of it. A second result is the presence of a
27 day signal superposed to the semiannual anomaly which is significantly affected by

the solar activity level.
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1. Introduction

[2] The semiannual anomaly on the magnetic activity is a
phenomenon known for a long time. One of the first reports
about it dated back to the middle of the nineteenth century,
to the pioneering work of Sabine [1856]. The manifestation
of this phenomenon is a clear semiannual variation in the
magnetic field measured on the terrestrial surface with deep
minimums in March and September (close to the equinoxes)
and maximums in June and December (close to solstices).
The expression semiannual anomaly corresponds to the aero-
nomic community, while within the community of geo-
magnetic physics the same phenomenon is known as the
semiannual variation.

[3] Since Sabine’s report, science and technology have
taken several important steps forward. During this time
researchers have systematically observed the geomagnetic
semiannual anomaly and spent effort to understand the
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physical mechanisms that is behind it. The historical bench-
marks associated to the development of new theories on this
anomaly are (i) the “axial hypothesis” proposed by Cortie
[1912], which has the heliographic latitude of the Earth as
the driven parameter, (ii) the “equinoctial hypothesis” that
was first proposed by Bartels [1932], in which the driven
parameter is the tilt angle between the Sun-Earth direction
and the geomagnetic dipole, and (iii) the “Russell and
McPherron hypothesis” presented in Russell and McPherron
[1973], in which the main parameter is the southward com-
ponent of the interplanetary magnetic field.

[4] During the last years several authors [e.g., Lal, 1998;
Lyatsky and Tan, 2003; O’Brien and McPherron, 2002;
Cliver et al., 2002] have dedicated some effort to assess
which theory dominates in the process and presently there is
a tendency to accept that the “equinoctial hypothesis” plays
the most important role on generating the anomaly, although
the associated physical mechanism has not yet been identi-
fied. Other authors [e.g., Clita de Gonzalez et al., 2001] have
studied the possibility of simultaneous occurrences of the
three known mechanisms. According to Hdkkinen et al.
[2003] the Russell-McPherron effect seems to be the domi-
nant one and that the combined contributions of the three
mechanisms can only explain 50% of the observed vari-
ability. The three hypotheses agree on that the anomaly is
caused by interactions between solar wind charged particles,
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Figure 1. Geographical distribution of the four Dst-
fundamental observatories (HON, SJG, KAK, and HER)
and the additional observatory, API, used in this work.

the geomagnetic field and the ring currents in the surrounding
environment of the Earth. In spite of the several decades
since its discovery and the theoretical developments, there
is no definitive explanation for the occurrence of this
phenomenon.

[5] Most of the works found in the specialized literature
about the anomaly are based on the study of geomagnetic
indices, which are computed by averaging one or a combi-
nation of the magnetic field components measured at a set
of magnetic observatories [Yoshida, 2009; Cliver et al.,
2002, 2004; Lal, 1998; Chaman-Lal, 2000; Russell and
McPherron, 1973; Russell, 1989; Svalgaard, 1977, 2011].
Among these indices, it can be mentioned the aa, K, Kp, U,
Dst, etc. For a complete and detailed description about geo-
magnetic indices [see Mayaud, 1980]. One of the most
widely used indices for studying the semiannual anomaly is
the Dst, because it is comparative simple to compute and
interpret. Just to mention a representative sample of works
based on Dst, we can be mentioned [Cliver et al., 2001; Clua
de Gonzalez et al., 2001; Hdkkinen et al., 2003; Lyatsky and
Tan, 2003]. A further description of the Dst is included in
section 2. The number of works dealing with the semiannual
anomaly from direct raw measurements of the magnetic field
is low compared to the number of papers based on geomag-
netic indexes. This contribution presents a study of the
semiannual anomaly based on the horizontal component of
the magnetic field measured at the four Dsz-fundamental
magnetic observatories.

[6] The first goal of this work is to better understand the
individual contribution of each observatory to the formation
of the semiannual anomaly on the Dst. For doing this, a
technique was developed to reconstruct the ‘annual pattern’
of the horizontal component (H component) observed at
each observatory. The dominant feature of this reconstructed
pattern is the semiannual anomaly. Section 3 starts with a
detailed description of the technique and ends with a dis-
cussion about the results found. The most noticeable element
coming from this analysis is a significant difference in the
annual pattern of the Southern observatory, HER.

[7] Section 4 presents evidences that the difference
observed in HER observatory is not associated to any
peculiarity of the observatory location, but it is intrinsic
of the Southern Hemisphere. Processing the data series of
a fifth observatory (located in the Southern Hemisphere),
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we obtained an annual pattern with the same characteristics
of HER. The results confirm the existence of an inter-
hemispheric asymmetry.

[8] The second goal of this work was to study and assess
the impact of several external parameters, characteristic of
the Sun-Earth environment, on the annual patterns. Section 5
contains a thorough description of the analysis performed to
evaluate the influence of the general geomagnetic activity
level, the solar activity level, the solar magnetic polarity and
the phase (rising or declining) of the solar radiation cycle.

[o] Finally, section 6 summarizes the most important
findings about the impact of the external parameters and
makes a general conclusion and implications about the results.

2. Dst Index and the Fundamental Magnetic
Observatories

[10] The disturbance storm time (Ds?) index is one of the
most important solar-terrestrial indices. It measures the
hourly variations of the magnetic field at the surface of
the Earth and has been continuously computed at the World
Data Center WDC-C2 at Kyoto, Japan, since the Inter-
national Geophysical Year 1957. This index is computed
basically by averaging the deviation from reference values of
the H component at four fundamental geomagnetic obser-
vatories located at low to middle latitudes: Hermanus (HER),
South Africa, Honolulu (HON), Hawaii, Kakioka (KAK),
Japan, and San Juan (SJG), Puerto Rico. For details on the
Dst computation the interest reader is referred to [Sugiura
and Kamei, 1991; Hdkkinen et al., 2003]. Figure 1 shows
the geographical distribution of the geomagnetic obser-
vatories contributing to the Dst computation. Although the
Dst is commonly used to detect and study geomagnetic
storms, it is also widely used as a measure of the intensity of
the ring current that surrounds the Earth at distances between
1 to 3 earth radii in the equatorial plane. The Dst index values
used in this work are publicly available at http://wdc.kugi.
kyoto-u.ac.jp/dstdir/.

3. Reconstruction of the Semiannual Pattern

[11] This section presents the processing scheme applied to
the long-term data series of each of the standard geomagnetic
observatories. Figure 2 shows the daily mean values of the
H component of the magnetic field for each observatory. For
clarity, the value for 1 January 2000 for each series was
chosen as reference, HO (10719.58 nT for HER, 27572.92 nT
for HON, 27057.96 nT for SJG and 30002.29 nT for KAK).

[12] Two main features can be mentioned from this figure:
(1) the H component shows completely different behaviors
depending on the observatory location and on the year and
(ii) the series from HON and SJG shows jumps that cannot
be attributed to natural processes; instead, they must be the
results of changes in the configuration of the magnetometers
and/or on the calculation of the baseline for the observatory.
As will be presented in the next paragraphs the technique
used in this work is based on annual variations so the jumps
do not constitute a problem.

[13] The objective of this work was to analyze the semi-
annual anomaly on the magnetic activity, so a technique for
removing the trend was applied that consisted on modeling
each year independently with a linear function of the day of
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Figure 2. Daily means of the H-HO of the four standard magnetic observatories: (a) HON, (b) SJG,
(c) KAK, and (d) HER. The values for HO are 27572.92 nT for HON, 27057.96 nT for SJG, 30002.29 nT

for KAK, and10719.58 nT for HER.

year (DOY). This method is equivalent to modeling the
trend with a piecewise linear function and is quite different
from the one usually applied consisting on fitting a quadratic
function to a 5 year data set, e.g., the procedure used in
computing the Dst index [Sugiura and Kamei, 1991].
We found that the year basis method is more suitable for our
study because it does not introduce any artificial bias coming
from the difficulty to model the general trend with a poly-
nomial function that only depends on the year. After sub-
tracting the trend from the daily mean values a deviation
of the H component from the expected value given by the
modeled trend is obtained. In other words the original data
series has been low band pass filtered, leaving only those
signals with periods equal to or lower than a year.
Figures 3a-3d show the deviations for the four observa-
tories as a function of year. For clarity purposes, a moving
average with a 30 day window was applied. For comparison
purpose Figure 3e shows the temporal series of the F10.7
index. This index, which is publicly available at ftp://ftp.
ngdc.noaa.gov, gives a measure of the solar radiation activity
level and will be described with details in section 5.2.

[14] The first interesting result that comes out from
Figure 3 is the clear signature of the solar cycles (widely
known as the 11 year solar cycle). The effect of this cycle is
a modulation of signal with periods less than 1 year leading

to periods of maximum amplitude approximately every
11 years synchronized with the solar activity. For example
consider the last solar peak that occurred between years
2001 and 2002. It is also important to note that the measured
magnetic field is very sensitive to the level of the solar
activity. A clear example is the much diminished peak reg-
istered by the four observatories during the peak of solar
cycle 20 (occurred by the end of 1968), which was also
registered as the lowest peak in the F10.7 index. This issue
will be developed with details in section 5.2.

[15] When the deviations of a particular observatory are
represented in a composite annual graphic, pictures like the
one depicted in Figure 4 are obtained. This figure shows
only the deviations obtained for HER observatory mapped
against DOY but the graphics obtained for the other three
observatories are quite similar. The main feature that imme-
diately appears is a thick curved line with two minimums at
DOYs 90 and 290 approximately and two maximums at
DOYs 190 and 365.

[16] Then, calculating a mean deviation for each DOY for
each observatory we obtained the four curves presented in
Figure 5. Figure 6 shows the result of combining the four
annual patterns in a unique graph for comparison reasons.

[17] From the analysis of these figures several interesting
elements of discussion appear:
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Figure 3. Deviations of the H component for the four standard magnetic observatories after removing the
trend: (a) HER, (b) HON, (c) SJG, and (d) KAK. For clarity purposes a moving average with a 30 day
window was applied. (e) Temporal series of the F10.7.

[18] 1. The four observatories share a common annual
pattern with minimums at DOYs 90 and 290 approximately
(very close to March and September equinoxes) and two
maximums at DOYs 190 and 365 (very close to June and
December solstices). This constitutes an important confir-
mation that the semiannual anomaly is measured on the
H component at every site in the middle latitude region,
with maximums and minimums occurring simultaneously.

[19] 2. The June maximum is greater than the December
one for the three observatories located at the Northern
Hemisphere while the December maximum is greater than
the June one over HER observatory (Southern Hemisphere).
Whether this effect and the semiannual anomaly are asso-
ciated to the same phenomenon cannot be deduced from
these data. Section 4 presents an analysis of this issue.

[20] 3. The correspondence between the patterns of the
three Northern observatories is remarkable.

[21] 4. A very distinguishable pattern (a sort of shorter
period) occurs between DOY's 50 and 120 that is registered
by the four observatories and something very similar occurs
between DOYs 270 and 300.

[22] 5. SJG registers a rather flat slope in the first part of
the year (up to DOYs 60) when compared with the HON and
KAK patterns. This could indicate a second-order depen-
dence of the semiannual on the coordinates of the station,
more precisely on the longitude since the latitudes of the
observatories are quite similar.

[23] 6. An additional signal with a period of 27 days
appears in the pattern of the four observatories. The origin of
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Figure 4. Deviations of the H component for HER obser-
vatory mapped against DOY. To reduce the dispersion a
5 day window moving average procedure was applied.

this signal could be associated to the solar rotation. The
point will appear clearer at the end of section 5.2.

4. Interhemispheric Asymmetry

[24] In the previous section it was observed that the annual
pattern of HER observatory presents a significant difference:
the December maximum is higher that the June one, in oppo-
sition to what is observed on the other three observatories.
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Figure 6. Composite graph of the annual pattern for the
four fundamental observatories.

HER observatory is the only of the three that is located on
the Southern Hemisphere and this was the main hypothesis
to explain the particular observed behavior. In order to
verify this hypothesis, the data series of an additional
magnetic observatories API (latitude —13°.82 and longitude
188°.21 E) was processed. API has a long data series that
starts in 1921 and extends continuously until the present, is
located at the Southern Hemisphere, and corresponds to dif-
ferent longitudinal geographic sectors.
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Figure 5. Mean deviations of the daily means of the H component mapped against DOY for the four
fundamental observatories: (a) HON, (b) SJG, (c) KAK, and (d) HER.
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magnetic observatories located in the Southern Hemisphere.
The black dots correspond to HER and gray squares corre-
spond to APL

[25] Figure 7 shows the annual patterns for HER and APIL
Comparing both curves the main features that come out are
(i) the semiannual anomaly with minimums close to the
equinoxes is present in both curves and (ii) the condition of
the December maximum higher than the June one is verified
also on APL

[26] The remarkable similarities of the HER and API
annual patterns confirms the hypothesis of significant dif-
ferences between the semiannual anomaly (or the general
annual pattern) observed by Northern or Southern observa-
tories in agreement with the work of Hdikkinen et al. [2003].
This element has implications on the interpretation of the
Dst index, since in a general sense the Dst index is an
average of the data from four observatories, three in the
Northern and one in the Southern Hemisphere. Then the
behavior of the Dst index will resemble more the behavior of
the Northern than the Southern observatories. In other words,
the averaging scheme used to compute the Dst might not be
enough to cancel out the hemispheric-dependent effects.
Hiikkinen et al. [2003] proposed the Dsts index, using data
from three observatories located on each Hemisphere to
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balance the effects. A deepen analysis about this issue is
currently under work and it would be the subject a future

paper.

5. Dependence of Semiannual Anomaly
on Different Sun-Earth Environmental
Physical Parameters

[27] As a general remark of this section the results pre-
sented corresponds only to HON and HER observatories.
However, HON results must be taken as representative of the
three observatories located in the Northern Hemisphere and
HER results representative of the Southern observatories.

5.1. Semiannual Anomaly Dependence
on the Geomagnetic Activity Level

[28] A point of controversy that is frequent matter of dis-
cussion is the quantification of the storm and nonstorm con-
tribution to the geomagnetic semiannual anomaly. Several
authors [Russell and McPherron, 1973; Mursula et al., 2008]
support the hypothesis that the most frequent occurrences of
geomagnetic storms during March—April and September—
October leads to an amplification of the Dst index during
these periods of the year causing in this way the minimums
of the semiannual anomaly observed in the Dst. This effect is
known as the storm contribution. Other authors in opposition
[Cliver et al., 2001, 2004] have shown that, although it exists,
the storm contribution is not significant and the semiannual
anomaly is mainly driven by an effect not related to geo-
magnetic storms which is called the nonstorm contribution.

[29] For the purpose of analyzing the storm and nonstorm
contributions to the results obtained in this work, the pro-
cedure explained in section 3 was repeated excluding those
days classified as stormy one. Following the quiet storm
classification of Gonzalez et al. [1994] we excluded those
days with daily mean Dst < —50, i.e., those days that pre-
sented moderated and strong disturbance behaviors.

[30] Figure 8 shows the annual patterns using data from
the period 1957-2010 for HON and HER observatories. The
black dots corresponds to the complete data set, while
the gray squares represents the annual pattern obtained with
the Dst > —50 filtered data set. The number of days excluded
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Figure 8. Mean deviations of the H component for the (left) HON and (right) HER observatories mapped
against the DOY. The black dots correspond to the complete data set; the gray squares correspond to the
Dst > —50 filtered data set. For clarity a moving average with a 10 day window was applied to the data.
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Figure 9. Mean deviations of the H component for (left) HON and (right) HER observatories mapped
against the DOY. The black dots correspond to the high solar activity, while the gray squares correspond
to low solar activity periods. For clarity a moving average with a 10 day window was applied to the data.

with this criterion was less than 5%. No significant difference
between both curves is seen in both observatories (HON and
HER). For the full sample there is a slight intensification of
the minimums. From this it is quite clear that the nonstorm
component is dominant over the storm one. This confirms the
idea that the semiannual anomaly is produced by a slowly
changing phenomenon with a period of a year (like the pro-
posed by the equinoctial hypothesis mechanism), and it is
not related to geomagnetic storms.

5.2. Semiannual Anomaly Dependence on Solar
Activity Level

[31] Another important physical issue to evaluate is the
effect of the solar activity level on the semiannual anomaly.
This element has already appeared when discussing the
results shown in Figure 3 establishing that the solar activity
modulates the amplitude of the high-frequency signals
(those with periods less than 1 year).

[32] The F10.7 is an index that measures the intensity of
solar radiation at wavelength equal to 10.7 cm. This index is

HON

[nT]

-30
0

widely used as a proxy of the solar activity level, indepen-
dently of the phenomena being studied. It is important to
clarify that by using this index we are not proposing a direct
relationship between the magnetic activity measured at the
terrestrial surface and the solar radio emissions at wave-
length 10.7 cm. The F10.7 within this work is used as a
proxy of the physical phenomena occurring within the Sun
that produces the well-known solar cycle (the 11 year cycle).

[33] The followed procedure consisted of binning the
data according to three level of solar activity: low activity
F10.7 <90 s.f.u., medium activity 90 s.fu. <F10.7 <120 s.fu.,
and high activity F10.7 > 120 s.fu.. A Dst > —50 nT filter
was also used to exclude the contribution of the stormy days.
Figure 9 shows the annual patterns obtained for high and low
activity periods for HON and HER observatories. The curves
for the moderate solar activity are not shown for clarity rea-
sons but as expected they lay between both depicted curves.

[34] Analyzing Figure 9 it comes out that (i) the semi-
annual anomaly is clearly seen for any activity level; i.e., it
is always present and (ii) the DOYs in which the minimums

-30
0

Figure 10. The 27 day signal of the H component for (left) HON and (right) HER observatories mapped
against the DOY. The black dots correspond to 2001 (the high solar activity), while the gray squares cor-
respond to 1996 (low solar activity). For clarity a moving average with a 10 day window was applied to

the data.
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Figure 11. Mean deviations of the daily means of the H component for (left) HON and (right) HER
observatories mapped against the DOY. The black dots correspond to periods of parallel solar magnetic
field while the gray squares correspond to antiparallel periods. For clarity a moving average with a

10 day window was applied to the data.

(maximums) occur are the same for both activity periods.
But the most important result from this figure is that the
solar activity level does not significantly modify the range
of variation (minimum to maximum) of the semiannual
anomaly.

[35] A closer look of Figure 9 reveals a rather unexpected
result: there is a clear effect of the solar activity level on the
27 day signal. To further analyze this, Figure 10 shows the
27 day signal (with 13 peaks per year) obtained for HON and
HER for 1996 and 2001, after a low- and middle-band-pass
filter was applied, i.e., filtering signals with periods less
than 30 days. Two main elements come out from this figure.
In first place it verifies that for high activity level, 2001, the
amplitude of the 27 day signal is significantly enhanced.
This explains the 11 year modulation observed in Figure 3.
In second place it shows that the amplitude of the 27 day
signal is also modulated by a semiannual phenomenon:
greater amplitudes during March and September.
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5.3. Semiannual Anomaly Dependence on the Solar
Magnetic Polarity

[36] The next physical parameter evaluated was the polarity
of the solar magnetic field. As it is known the polarity of the
solar magnetic field flips its direction approximately every
11 years. The reversal moment is marked approximately by
the start of the declining phase on the 11 year solar radiation
cycle. The papers by Mursula et al. [2011] and Svaalgard
[2011], are the most recent works dealing with some con-
sequences of this problem.

[37] With the objective to analyze whether any polarity
configuration favors the semiannual anomaly, the database
for each fundamental observatory was binned according to
the solar polarity with the following criteria (based on Oh and
Yi [2011]): periods with solar polarity parallel to the Earth’s
magnetic polarity: 1958-1969, 1981-1989, and 2001-2010;
periods with solar polarity antiparallel to the Earth’s magnetic
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Figure 12. Mean deviations of the daily means of the H component for the HON observatory mapped
against the DOY. The black dots correspond to declining phases of the solar radiation cycle, while the gray
squares correspond to rising phases. For clarity a moving average with a 10 day window was applied to the

data.
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polarity: 1948-1957, 1971-1981, and 1990-2000. Once again
the Dst > —50 nT filter was applied. Then, the data processing
scheme was applied to each data bin independently and the
result is shown in Figure 11.

[38] From the comparison of the parallel and the antipar-
allel annual pattern it came out that there are not significant
differences between them and that the general semiannual
structure is clearly present on both curves. The most signif-
icant difference appears as a second-order effect associated
to the 27 day signal.

5.4. Semiannual Anomaly Dependence on the Phase
(Rising or Declining) of the Solar Activity

[39] The last dependence analyzed was on the rising/
declining phase of the solar radiation activity. For doing this
the data set was binned according to (i) declining phase
corresponding to the periods 1949-1954, 1958-1964, 1970—
1975, 1982-1985, 1991-1995, and 2002-2007 and (ii) rising
phase corresponding to the periods 19551957, 1966—1968,
1977-1980, 1987-1990, 1997-2000, and 2010. Then the
usual data processing scheme was applied independently to
each bin and the results are presented in Figure 12. The
Dst > —50 nT filter was also applied.

[40] Once again it can be seen from this figure that
although some differences exist between the declining and
rising pattern they can be considered of a second order and
that the general structure of the semiannual anomaly is
clearly present for both phases. As it was found in the pre-
vious section the main differences appear associated to the
27 day (rotation period) signal.

6. Summary and Conclusions

[41] In section 2 we presented a new technique to recon-
struct the annual pattern of the H component on the geo-
magnetic field and processed the historic data series of each
of the four fundamental geomagnetic observatories. The
dominant signal present is the semiannual anomaly (also
known as semiannual variation). The comparison of the
annual patterns led to the conclusion that the semiannual
anomaly is present in the four data series. The unique Southern
observatory (HER) presented significant differences, with
an absolute maximum during December in opposition to
the June absolute maximum of the others. In section 3 the
analysis of a second Southern observatory, API, confirmed
that HER annual pattern is characteristics of Southern
observatories as already reported in Hdkkinen et al. [2003].
As was mentioned in that section, this asymmetry has
implications on the interpretation of the Dst index, because
due to the three Northern observatories it might be biased
toward Northern effects. Hdakkinen et al. [2003] proposed a
new Dst index based on 6 observatories (3 in each hemi-
sphere) but we consider that this issue deserves a deeper
analysis and would be the subject of a near-future paper.

[42] All through section 5, the annual patterns from HON
and HER observatories were analyzed under different con-
ditions that intended to cover the most important physical
parameters characteristics of the Sun-Earth environment.
Independently of periods with low and high geomagnetic
activity (large geomagnetic storms), of low, moderate, and
high solar activity (11 year solar cycle), of solar magnetic
polarity parallel and antiparallel to the geomagnetic field
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(solar magnetic cycles) and of rising and declining phase
of solar activity period, the semiannual anomaly in the
H component is always present. This is the most important
verification contained in this work.

[43] Also important is that its general structure, under-
standing by this the moments (DOY) of minima and maxima
and the amplitude between minimums and maximums, is
almost the same. Based on this, it can be concluded that the
semiannual anomaly is dominated by the so-called nonstorm
component and repeat itself year after year with an almost
geometrical precision. Since there are several phenomena
acting at the same time, the annual pattern observed during a
particular year would appear slightly modified. This result
gives evidences in favor of the equinoctial hypothesis.

[44] Another important conclusion is that the most affected
phenomenon by the different physical conditions analyzed is
the 27 day signal found in the patterns, which also presents a
semiannual modulation.
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