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Abstract The Ampère force exerted by meridional Sq currents was estimated, and its relationship with a
neutral pressure difference was examined. It was found that the annual Ampère force correlates very well
with the difference between its maximum and minimum pressures integrated above 120 km for solar
activity variation. Furthermore, these two values were almost the same around the Sq current vortex during
the equinox. This means that the pressure difference balances with Ampère force, and thus, a neutral wind
blows roughly in the opposite direction of the pressure gradient. As a result, the intensity of the resultant
ionospheric dynamo current is controlled by the pressure difference, and thus, it is possible to infer the pressure
difference from the geomagnetic field only at least the annual mean in equinox. At Kakioka, there was seasonal
variation such that the pressure difference in the local summer and winter was smaller and larger than the
Ampère force, respectively. This characteristic is likely due to the contribution of the interhemispheric field-aligned
currents driven by the ionospheric dynamo to the Sq field.

1. Introduction

Solar quiet daily geomagnetic field variation (Sq) is primarily caused by ionospheric dynamo currents (j).
These dynamo currents are first driven by the dynamo electric field (V× B) generated by the interaction of
neutral wind (V) with the geomagnetic main field (B) and create the electrostatic field by charging from
the initial dynamo currents. As a result, the electric current is also driven by the electrostatic field that was
developed to avoid excess changing. On the other hand, the electric current exerts an Ampère force (AF)
(j× B) on the atmosphere, and thus, the ionospheric dynamo is important not only in the geomagnetic Sq
field but also in the dynamics of the neutral atmosphere.

Fukushima [1979] presented a schematic mechanism for the generation of Sq currents, in which neutral winds
blow in the direction opposite the pressure gradient. However, in order to generate such winds, it is necessary
for the pressure gradient force to be balanced not with a Coriolis force but with a drag force. In other words, the
drag force should overcome the Coriolis force. If this condition is satisfied, the strength of the Sq currents can be
used as an indicator of the pressure gradient of the neutral atmosphere, including solar activity effects.

Long-term variation of the Sq field has long been studied by many researchers. Since Chapman and Bartels
[1940], it has been widely accepted that the amplitude of the Sq field is strongly controlled by solar
activity. In addition to this solar activity dependence, many researchers have examined the relations
between the long-term variations in the Sq field and several other parameters such as the geomagnetic
main field, geomagnetic activity, and neutral wind. For example, Glassmeier et al. [2004] examined the
effects of long-term geomagnetic variation on the magnetospheric and ionospheric physics and
emphasized the importance of the geomagnetic main field in studying the physics. Clilverd et al. [2005]
reported that the long trend of the Sq field can be partly due to solar activity. The solar activity
dependence of Sq variations is mainly due to the enhanced ionospheric conductivity during high solar
activity periods, which lead to increased ionospheric currents [e.g., Takeda et al., 2003]. Le Mouël et al.
[2005] and Macmillan and Droujinina [2007] showed that the magnitude of Sq variations is mainly
controlled by solar radiation activity even after the removal of solar cycle effects. Yamazaki and Kosch
[2014] examined the long-term variation of Sq and lunar variation (L) and showed that both have basically
the same dependence on solar activity, suggesting that both are strongly controlled by the
ionospheric conductivity.

In the present study, the total intensities of the meridional Sq currents flowing above six observatories are
first estimated from the time integration of the Y component of the Sq amplitude. Next, the AF exerted by
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the currents is calculated combining with the geomagnetic main field model and compared with the height-
integrated neutral pressure difference (PD). Finally, the long-term variations of the AF and the PD and the
relationship between them are discussed.

2. Data Analysis

In the present analysis, the total meridional Sq current (TJ) was first estimated from geomagnetic hourly
values of the Y component and used to calculate the AF. The TJ was estimated from the hourly

Figure 1. (top) The examples of height profiles of electric conductivity and (bottom) the neutral-ion collision frequency and
the Coriolis parameter above Kakioka at noon. (left and right) The profiles for the solar maximum and minimum days,
respectively.

Figure 2. Geomagnetic observatories used in the present study.
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Figure 3. The correlation between the Ampère force and the pressure difference at (top) KAK and (bottom) HER during the
equinoxes from 1947 to 2010. The cases in which the lower boundaries of the height integration are (left) 110, (middle) 120,
and (right) 130 km, respectively. A linear regression line is drawn in each panel, and the linear regression equation and
correlation coefficient are given at the bottom of each panel.

Figure 4. The correlation between the Ampère force and the pressure difference at NGK, HER, SJG, KAK, HON, and API during
the equinoxes from 1947 to 2010. A linear regression line is drawn in each panel, and the linear regression equation and
correlation coefficient are given at the bottom of each panel.
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Y-component values of the geomagnetic field between 06:00 and 18:00 LT by summing their difference
[Y (hour)] from the night value, which is the average between 21:00 and 02:00 LT on the same day, as

TJ ¼ 4 RE þ hð Þ
X

Y hourð Þj jcos Θ
2�24�3 μ0

where RE is the Earth’s radius (6370 km), h is the ionospheric height (assumed to be 120 km),Θ is the geomagnetic
latitude, and μ0 is the vacuum permeability (4π ×10�7N/A2). Here the coefficient 2 in the denominator is to get
one-way meridional currents, and (RE+h)cosΘ/24 corresponds to the horizontal length of 1h in the ionosphere
above the observatory. The factor of 3/4 is the conversion of the magnetic field variation in A/m to a height-
integrated current density, assuming that the contribution of the induced current in the Earth to the
geomagnetic Sq field is half that of the external current based on the results of the spherical harmonics
analysis [Takeda, 2002]. The AF was estimated using the TJ and the geomagnetic field Z component (Bz) as

AF ¼ TJ�Bz

The PD was estimated as the difference between the maximum and minimum values of the height-
integrated neutral pressure. First, the height distribution of the neutral atmospheric pressure for each hour
on each day was calculated using the NRLMSISE-00 atmosphere model. Next, it was necessary to
determine an adequate height range for the pressure integration, considering that the AF is exerted by
height-integrated ionospheric currents. The importance of the AF in thermospheric dynamics could be
estimated from the neutral-ion collision frequency and Coriolis parameters 2Ωsinθ, where Ω is the angular
frequency of the Earth’s rotation and θ is the geographic latitude, because the AF acts on the neutral
atmosphere through the collisions of charged particles, especially ions. Figure 1 gives an example of a
height profile of electric conductivity, where the neutral-ion collision frequency and Coriolis parameters
above Kakioka were estimated by International Reference Ionosphere (IRI) 2012 [Bilitza et al., 2011] and
NRLMSISE-00 atmosphere models at noon on days when the solar activity was high and low, respectively.
This figure shows that the collision frequency is smaller than the Colioris parameter below 110 km, the two
are approximately equal in the height range between 110 and 160 km, and the collision frequency is larger
for heights above 160 km. On the other hand, electric currents flow mainly below 130 km. Considering this
situation, lower boundaries for the pressure integration between 110 and 130 km were tested. The higher
boundary was set at 400 km, which is not so critical because pressure is very low at higher altitudes.

The geomagnetic observatories used in this analysis were Hermanus (HER), San Juan (SJG), Honolulu (HON),
Kakioka (KAK), Niemegk (NGK), and Apia (API), and their locations are shown in Figure 2. These observatories
were selected because their long-term data are relatively continuous and of good quality. The days used in
the present analysis were those when Kp index did not exceed 3+ to avoid contamination of the
geomagnetic disturbance field. The obtained AF and PD during the equinox (March, April, September, and
October) and summer (May–August) and winter (December–February) solstices were averaged for each
year and used in the subsequent analysis.

3. Results and Discussion

Figure 3 shows the correlation between the AF and PD at KAK and HER during the equinoxes from 1947 to
2010. The lower boundaries of the height integration were 110, 120, and 130 km. The correlation
coefficients in all cases were found to be very high (≥0.97). In addition to these lower boundaries, the
correlations between the PD and AF were checked using various lower boundary conditions. It was
determined that 120 km was the best, and thus, the PD was integrated from 120 km in the analysis.

Figures 4 shows the correlations between the AF and PD at NGK, HER, SJG, KAK, HON, and API during the
equinoxes from 1947 to 2010. A linear regression line is drawn in each panel, and the linear regression
equation and correlation coefficient are given at the bottom of each panel. The correlation coefficients
between the AF and PD are very high (≥0.85). However, the most important point is that the AF and PD values
are almost equal at KAK, HER, and SJG. It is very surprising that two such independently obtained values were
almost the same throughout the measurement period. This result supports the hypothesis included in the Sq
generation mechanism proposed by Fukushima [1979]. That is, the fact that the AF is equal to the PD means
that the PD is balanced not by the Colioris force but by the AF, and thus, winds blow in the opposite direction
of the pressure gradient. As a result, the winds diverge from the subsolar point, as Fukushima proposed.
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Figure 5. Same as Figure 4 but the correlation is between the total current and the pressure difference.

Figure 6. Seasonal variation of the correlation between the Ampère force and the pressure difference at (top) KAK and
(bottom) HER during the (left) winter, (middle) equinox, and (right) summer. Note that winter and summer in this figure
correspond to the local summer and winter, respectively, for HER in the southern hemisphere. A linear regression line is
drawn in each panel, and the linear regression equation and correlation coefficient are given at the bottom of each panel.
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The fact that the PD and AF shows similar responses to solar activity variation means that the PD acts as a
current generator for the Sq dynamo. When the PD increases due to the enhanced solar activity, the wind
initially accelerates, but the ion drag force, which is the same as the AF in the dynamo region,
subsequently increases and decelerates the wind to balance the AF and PD. In fact, Takeda [2013] showed
that wind velocity decreases with higher solar activity, which may be interpreted as proof of the necessity
of this balance, if ionospheric conductivity depends on solar activity more than the PD. Of course, the
above discussion does not necessarily imply that the Sq dynamo acts as a current generator for the solar
activity itself, because the linearity of the relation between the PD and solar activity is not guaranteed. On
the other hand, a strong correlation suggests that the AF, which can be estimated by using geomagnetic data
only, can be used as a proxy for PD. Moreover, the AF may be a better indicator of the thermosphere than
sunspot number (SSN) or F10.7 because the AF reflects the PD in the sense of “output” of the Sq dynamo and
thus reflects the condition of the thermosphere, while SSN and F10.7 represent the “inputs” of the thermosphere.

Although the correlation itself is still strong, the above-mentioned balance may not be realized at
observatories further from the Sq current vortex, because the AF is smaller than the PD. In higher latitudes,
it is probable because the effect of the Coriolis force increases and becomes more effective. On the other
hand, it seems that the PD will probably balance with the force of inertia because the Coriolis force is not
effective in lower latitudes. In fact, Huang et al. [2013] showed by numerical simulation that the phase of
the zonal wind is delayed in lower latitudes, which suggests the greater importance of the inertial force there.

Figure 5 shows the correlations between the TJ and PD at NGK, HER, SJG, KAK, HON, and API during the
equinoxes from 1947 to 2010. The correlations are approximately the same as those between the AF and
PD. This result shows that the correlation between the AF and PD is almost due to that of the TJ and PD.
However, the AF is likely a good indicator of the thermosphere because it is directly exerted on the neutral
atmosphere, and thus, the AF was mainly used in the present study.

Figure 6 represents the seasonal variation of the correlation between the AF and PD at KAK and HER. Note that
winter and summer here are defined as those in the northern hemisphere and correspond to the local summer
and winter, respectively, for HER, which is in the southern hemisphere. This figure shows that the PD tends to be
smaller than the AF in the local summer and vice versa in winter at KAK, although this trend is not so clear at HER.

Figure 7. The (top) pressure difference and (bottom) Ampère force at (left) HER, (middle) SJG, and (right) KAK during the
equinoxes from 1947 to 2010.
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This tendency at KAK can be explained by the effects of the magnetic field by interhemispheric field-aligned
currents on the geomagnetic Sq field. That is, the Sq dynamo generates field-aligned currents directed from
the hemisphere experiencing summer to the hemisphere experiencing winter in the morning and reversed
currents in the afternoon [Takeda, 1982; Yamashita and Iyemori, 2002]. These field-aligned currents enhance
the Y component of the Sq amplitude in the summer hemisphere and lower it in the winter hemisphere. On
the other hand, the field-aligned current flows parallel to the magnetic field and does not contribute to the
AF, and therefore, compared with the AF, the PD is larger in winter and smaller in summer.

Figure 7 shows the PD and AF at HER, SJG, and KAK during the equinoxes from 1947 to 2010. It can be found
that the PD and AF fluctuate very similarly, showing clear 11 year solar cycle variations, which indicate a
strong solar activity dependence. The linear trends show slight decreases in both the PD and AF at all
observatories. However, since the solar activity tends to decrease during this period, this decrease likely
reflects solar activity variation in this period [Takeda, 2013]. On the other hand, the rates of change of the
PD and AF are both the largest at SJG and smallest at KAK. This similarity between the secular variations of
the PD and AF at each site also supports the idea that the PD is a current generator for the Sq dynamo.

4. Conclusion

The relationship between the AF exerted by the ionospheric Sq current and the PD was examined by the TJ
estimated from the Y component of the observed Sq field and the NRLMSISE-00 atmospheric model. The
main results are summarized as follows:

1. The annual average AF obtained from the meridional Sq currents and the PD is very strongly correlated
with variations in solar activity.

2. The AF and PD are approximately equivalent at observatories close to the Sq current vortex center during
equinoxes.

3. This equality indicates that the explanation of the ionospheric Sq dynamo proposed by Fukushima [1979]
is roughly appropriate and that the PD is a current generator for the ionospheric Sq dynamo.

4. During summer andwinter, the PD at KAK is smaller and larger than the AF, respectively. This characteristic
probably results from the Y component of the geomagnetic Sq field enhanced during the summer by the
interhemispheric field-aligned currents driven by the ionospheric dynamo.
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