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Abstract The gravity-driven and pressure-gradient currents coexist in the ionosphere, and their effects
are significant in there, rather than at the outside of the ionosphere; and can be important while studying
the ionospheric currents using low-Earth-orbiting (LEO) satellite measurements. Maute and Richmond
(2017, https://doi.org/10.1002/2017JA024841) (MR17) have demonstrated that above the F region peak,
directions of these two coexisting currents are opposite and the net magnetic effects along the ambient
magnetic field are nonsignificant. In the view of the diamagnetic corrections being applied to the LEO
magnetic field measurements to account for the pressure-gradient currents, it is imperative to examine the
proposition of MR17. In the present paper, we have estimated the gravity and pressure-gradient currents,
using altitude profiles of electron density obtained from the Constellation Observing System for
Meteorology, Ionosphere, and Climate (COSMIC)-1 satellite cluster. In order to get the latitudinal profiles of
magnetic field variations at a fixed local time (LT) using COSMIC data, it is required to combine either
different days at a fixed longitude or all the longitudes on a fixed day, thus compromising with either

days or longitudes. It is found that the net magnetic field is significant in the low-latitude region, which
increases with solar flux and decreases with altitude. The magnetic field effects show strong LT dependence
and are significant in the noon to evening sector. The comparison of the present estimates with the
diamagnetic corrections emphasizes that correcting for only one current can introduce unviable errors and
thus supports the suggestion of MR17.

Plain Language Summary In addition to the ionospheric-dynamo currents, the currents due to
gravity and plasma pressure-gradients flow in the Earth's ionosphere, whose contribution in the ground
magnetic field measurements is negligible compared to that of ionospheric-dynamo. However,
considering the magnetic field due to gravity and pressure-gradient currents present in the ionosphere may
be important while studying the ionospheric currents using low-Earth-orbiting (LEO) satellite
measurements. Above the F region peak where LEO satellites generally fly, the directions of these two
coexisting currents are opposite and the net magnetic field along the ambient magnetic field is
nonsignificant. In the view of the diamagnetic corrections being applied to the LEO magnetic field
measurements to account for the pressure-gradient currents, it is imperative to compute the magnetic field
effects of these currents using actual observations of ionospheric electron densities. In the present paper,
we have estimated the gravity and pressure-gradient currents, using altitude profiles of electron density
obtained from the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)-1
satellite cluster. The magnetic variations due to these currents are estimated at different heights, latitudes,
solar fluxes, and local times.

1. Introduction

The high-precision magnetic field measured by several low-Earth-orbiting (LEO) satellite missions has
been used successfully to study the Earth's main magnetic field, crustal field, and external field due to
ionospheric and magnetospheric currents. During geomagnetic quiet conditions, the daytime ionospheric
wind dynamo producing ionospheric currents is the major source of the external field. Several researchers
have studied the equatorial electrojet (EEJ) (Jadhav et al., 2002a; Liihr et al., 2004), counter electrojet
(CEJ) (Singh et al., 2018; Vichare & Rajaram, 2011), and Sq current systems (Chulliat et al., 2016;
Maeda, 1981; Sugiura & Hagan, 1979). However, as the LEO satellites fly in the source region of currents
such as gravity-driven currents (GC) and plasma pressure-gradient currents (PC), the contribution due to
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these currents can be significant at LEO orbits. Therefore, it is necessary to know their estimates while
studying ionospheric-dynamo current and modeling weak lithospheric geomagnetic fields.

The current density in the ionosphere due to various sources can be expressed as (Alken et al., 2017)

J=0E+J,+Jy+J, 1)
Jy=0cUXB 2

I, = "};"' gxB 3)

Jp:—%VP x B @)

where, plasma pressure, P = nk(T;+ T,) (5)

Jw, Jg, and J, are the source currents due to wind dynamo, gravity, and pressure-gradients respectively.
E is the electric field, g is the acceleration due to gravity, and B is Earth's magnetic field. The o is iono-
spheric conductivity, n is plasma number density, and m; is ion mass. T; and T, are ion and electron tem-
peratures, respectively and k is the Boltzmann constant.

Itis clear from the above equations that, in addition to ambient magnetic field B, the computation of J; needs
the information about plasma number density, gravity, and m;; whereas J, needs gradients in the plasma
number density, T;, and T,. Considering the significant vertical gradients in the plasma density, knowledge
about them is needed to compute J,. Moreover, to estimate the magnetic field signatures due to these cur-
rents, the entire height profile of electron density in the ionosphere along with plasma temperatures and
ion masses is required, which is not possible to obtain at each point along the satellite traverses. Therefore,
it is challenging to determine these currents and associated magnetic field variations. With the diamagnetic
assumptions, Liihr et al. (2003) proposed the equation to estimate PC. If the plasma pressure-gradients are
not very sharp in quasi-stationary plasma, then the sum of the magnetic pressure and plasma pressure tends
to be constant. Thus, based on the quasi-stationary assumption, every increase in plasma pressure has to be
counterbalanced by a reduction in the magnetic pressure. Applying linear perturbation approach, the mag-
netic field variations b due to diamagnetic effect, estimated by Liihr et al. (2003) is

b = nk(T; + Te)'% (6)
where u is the permeability of free space. Liihr et al. (2003) showed the presence of PC during nighttimes
using CHAMP satellite magnetic measurements. They showed that some of the features such as local
undulations present in the latitudinal profile of the residual fields of LEO data disappear after applying
the diamagnetic correction and also the amplitudes of EEJ change considerably. Therefore, to study EEJ
or F region currents using LEO satellite magnetic field data, the above correction has been used widely
(Luhr & Maus, 2006; Liihr et al., 2004; Manoj et al., 2006). Few more studies are in the literature about
GC and PC (Alken et al., 2017; Liihr et al., 2002; Maus & Liihr, 2006) and found that these currents are
predominant in the equatorial ionization anomaly (EIA) region (Alken et al., 2011). Using magnetic field
measurements from CHAMP and Swarm satellites, Alken (2016) showed the presence of GC. He investi-
gated the seasonal and local time (between 19 and 24 LT) dependence of magnetic field variations; and
found that they are strongest during spring/fall, which agrees with the seasonal behavior of the EIA,
and continues until midnight, even under solar minimum conditions. The GCs are eastward and signifi-
cant at low latitudes, as the magnetic field is mostly northward. Maus and Liihr (2006) estimated GC by
assuming the intensity of the nondivergent part of GC is controlled by the nighttime current density per-
pendicular to the magnetic field and the divergent part is inhibited through the induced electric fields.
They suggested a need for correcting LEO data for GC and demonstrated through the POMME-3 model.
However, these corrections are no longer applied to current geomagnetic field models due to ambiguous
current closure assumption (Hulot et al., 2015; Maus et al., 2008).

Maute and Richmond (2017) have used the Thermosphere-Ionosphere-Electrodynamics General-
Circulation-Model (TIE-GCM) with an updated electrodynamo module to estimate these currents and
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examined their combined effects, as both these currents coexist in the ionosphere. According to them,
correcting LEO magnetic observations only for either current without considering the effect of the other
will introduce larger errors, as, at the altitudes above F region peak, the magnetic effects due to these cur-
rents are opposite. Our motive is to examine the proposition of Maute and Richmond (2017) using actual
observational data. This is very important as plenty of magnetic field data are getting generated through
ongoing three-satellite Swarm mission, which is being utilized for the study of ionospheric currents
(Chulliat et al., 2016; Thomas et al., 2017) and modeling of lithospheric fields (Thébault et al., 2017).

For this purpose, the information of the height profiles of electron density is required, which is obtained
from Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) satellites.
The other required parameters such as m;, T; and T, are obtained from the International Reference
Ionosphere (IRI) (Bilitza et al., 2017) model. The objective of the present study is to obtain the magnetic field
contributions due to PC and GC in the magnetic field recordings of polar LEO satellites such as Swarm mis-
sion satellites, and hence it would be desirable to obtain the latitudinal profile of the magnetic field varia-
tions using COSMIC satellite electron density, rather than using model-based estimates.

Section 2 describes the ionospheric electron density data and related instruments of COSMIC satellite clus-
ter, distribution of occultation points in the latitude-longitude frame, and the methodology used to obtain
the GC and PC from COSMIC data and associated magnetic field variations. The results obtained at a single
occultation point and also the latitudinal profiles of these variations obtained using different approaches are
described in section 3. The subsections display the solar flux and LT dependences of these variations. The
results are discussed in section 4 and concluded in section 5.

2. Data and Methodology

The GC and PC given by Equations 3 and 4 generate induced electric fields and Pedersen currents, to main-
tain the divergence-free currents. These secondary currents due to induced electric fields usually flow in the
daytime E region or the lower F region during nighttimes and hence are mostly infinitesimal at the F region
altitudes. Thus, in the F region, where LEO satellites orbit around the Earth, the expressions for Jg and J),,
given by Equations 3 and 4 hold good. According to Equations 3 and 4, computation of GC and PC requires
the information of electron density, its gradients, plasma temperatures, and ion masses. In the present study,
the ion compositions (0%, NO*, 0,*, and N*), electron and ion temperatures at various altitudes in the iono-
sphere are taken from IRI 2016 model (Bilitza et al., 2017) whereas Earth's magnetic field is taken from
CHAOS model (Finlay et al., 2016) of the geomagnetic field.

For calculating the magnetic field perturbations due to GC at the observation height “h”, Maute and
Richmond (2017) proposed the following expression:

ABy(h) = uocosIf, " To(n')dh’ )

where hy,, is the upper boundary of the ionosphere, where current becomes zero, and I is the inclination
of the observation point. Expression 7 is based on the approximation of a one-dimensional current sheet
with zero height-integrated current, which produces no magnetic field variations above and below the
sheet, but nonzero magnetic perturbations within the sheet. This approximation is valid as the eastward
J, flowing in the F region is largely balanced by westward induced currents flowing in the dayside E
region or nightside lower F region. Furthermore, this approximation is simpler to calculate than the solu-
tion using the full three-dimensional Biot-Savart relation.

Similarly, the magnetic variations due to plasma pressure-gradient current are
hiop
AB,(h) = yocosl/ Jp(hr)dh 8)
h

Note that Equations 7 and 8 give estimates of the perturbation in the scalar magnetic field (the component
of the vector perturbation parallel to the ambient magnetic field, B) and that the current density used in
7 and 8 is the component in the magnetic-eastward direction. It is clear from the Equations 7 and 8 that

SREELAKSHMI AND VICHARE

30f 18



Ay

NI Journal of Geophysical Research: Space Physics 10.1029/2020JA028401

ADVANCING EARTH
AND SPACE SCIENCE

for the computation of magnetic field variations, the entire vertical profile of electron density and its ver-
tical gradients are required.

The vertical profiles of ionospheric electron density measurements obtained from COSMIC/FORMOSAT-3
mission are utilized to estimate the GC and PC. FORMOSAT-3/COSMIC is a constellation of six microsatel-
lites launched on 15 April 2006, into six different orbits at 700-800 km above the Earth's surface at an incli-
nation of 72°. The longitudinal separation between two consecutive satellite orbits is 30° (Cheng et al., 2006).
This LEO constellation receives signals transmitted by the 24 U.S. GPS satellites and provides around 2,500
global occultation data per day, distributed all over the globe.

The primary science instrument in COSMIC is GPS Occultation Experiment (GOX) or Integrated GPS
Occultation Receiver (IGOR), which provides the height profiles of the ionospheric electron density
(Rocken et al., 2004). A detailed description of the inversion technique applied to invert the COSMIC occul-
tation soundings to ionospheric electron density profiles can be found in Schreiner et al. (2007). Abel inver-
sion technique (AIT) is widely used in GPS ionospheric radio occultation (IRO). There have been several
efforts to develop and validate IRO retrieval techniques for obtaining the profiles of ionospheric electron
densities more accurately (Pedatella et al., 2015; Tulasi Ram et al., 2016). See https://directory.eoportal.
org/web/eoportal/satellite-missions/content/-/article/formosat-3 for the details of the COSMIC mission
and data. The latitudinal, longitudinal, and LT coverage by COSMIC mission on 27 September 2014 is
depicted in Figure S1 in the supporting information. The local time is shown by color bar. It can be observed
from the figure that within a longitudinal bin of width ~20-30°, occultation points are covering a good range
of the geographic latitudes, but the LTs are very different. Since the motive of the study is to obtain the mag-
netic field contributions due to these currents in the magnetic observations of polar LEO satellites, it is
required to get the latitudinal profile of these estimates. For our analysis latitudinal spacing of around 5°
to 8° is required for obtaining the latitudinal profile of currents. Since PC and GC are significant at lower
latitudes, the latitudinal coverage from 40°S to 40°N is of particular interest. And in this latitudinal region,
the COSMIC data is sparsely available (>10° spacing) at a given longitudinal and LT range. Therefore, the
standard patterns of the plasma densities such as EIA in the latitude-altitude frame are not reproduced prop-
erly, missing the EIA features. This may put a limitation in obtaining a latitudinal profile of J, and J,, at a
particular longitude and LT as required by high-inclination LEO satellites’ trajectories. We overcome this
difficulty by adopting following two approaches: One is by considering different days to get the latitudinal
profiles at a fixed longitude and LT, and the other approach is considering all the longitudes on a given
day and LT. Certainly, it is not appropriate to include all the LTs on a given day, as the latitudinal profiles
have strong LT dependence. It may be fair to include all the longitudes on a given day or different days with
fixed longitude. The estimates of GC and PC along with associated magnetic field variations using these two
approaches are presented in the following sections.

3. Results Using COSMIC Data
3.1. Single Profile

Before estimating the latitudinal profiles of GC and PC and the associated magnetic field variations as
required by LEO satellites, we first compute the estimates using the electron density profile at a single occul-
tation point, that is, at a fixed geographic latitude, longitude, and LT. We have selected the vertical profile of
electron density collected at two occultation points, corresponding to 15 and 20 LT at 29°S and 15°S geo-
graphic latitude respectively, and at ~300°E longitude, during high solar flux (F10.7 = 182.2 sfu) on 27
September 2014. Since the previous studies (Alken, 2016; Alken et al., 2011; Liihr et al., 2002) have reported
that these currents show a strong dependence on the EIA, we focus on 15 and 20 LT, considering EIA nor-
mally develops and peaks at these times. Also, Maute and Richmond (2017) have computed these estimates
at these LTs and hence it would ease the direct comparison with the numerical model-based results. The
COSMIC electron density profile, estimated zonal currents and magnetic field variations are shown in
Figure 1. It can be observed that at both the LTs, the GC is positive i.e. eastward at all altitudes. As the elec-
tron density peaks at an altitude of ~340-360 km for both the local times, J, also peaks at ~350 km, with a
magnitude of ~20-30 nA/m?. PCs are eastward in the lower ionosphere (peaks ~250 km) and westward in
the F region (peaks ~400 km). We compare these results with those of Maute and Richmond (2017) obtained
at 300°E longitude and high solar flux (F10.7 = 200 sfu). Note that their Figures 11-1a and 11-2a represent the
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Figure 1. The altitudinal profiles during 27 September 2014 (F10.7 = 182.2 sfu) at 300°E longitude (a and b) electron
density, (c and d) gravity-driven (blue) and plasma pressure-gradient (red) currents at 15 and 20 LT, respectively;

(e and f) corresponding magnetic field variations. The geographic latitudes of left and right side plots are 29°S and 15°S,
respectively.

GCs obtained using basic equation (i.e., Equation 3), without considering 3-D current system inclusive of
induced electric fields. Their results show that J, peaks at ~450 km and ~20°S with an amplitude of
~20-30 nA/m?, which are consistent with our results, although there is a difference of 100 km in the
height of the peak. Figures 11-1b and 11-2b from Maute and Richmond (2017) display the geographic
latitude-altitude profiles of AB; due to source currents without induced parts at 15 and 20 LT,
respectively. Though the currents and related magnetic fields in the latitude-altitude frame will be shown
and discussed later in the paper, here we compare our results obtained through single profiles. Figure 1
indicates AB, is northward and stronger at lower altitudes with amplitudes of ~7-8 nT, which is similar to
that obtained by Maute and Richmond (2017). Though Maute and Richmond (2017) have not explicitly
displayed the PC and associated magnetic field perturbations due to the source current alone, they have
shown the results obtained by combining the source current with that due to the associated electric fields,
in their Figures 3 and 4. It is found that the AB, obtained here is also in qualitative agreement with their
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results being southward at higher altitudes, but there is some difference in the magnitude and the height of
peak southward field, which may be due to the differences in the solar fluxes. Our results show southward
AB, maximizes at ~300-350 km with an amplitude of ~—3 nT (-2 to —4 nT), whereas their computations
show a peak at ~450 km with an amplitude of ~—6 to —7 nT. In general, the GC and PC and associated mag-
netic field variations obtained using COSMIC data qualitatively match with those produced by Maute and
Richmond (2017).

3.2. Latitude-Altitude Frame at a Fixed Longitude

The polar (high-inclination) LEO satellite passes through almost all the latitudes along its orbit and have
almost a constant LT near lower latitudes. Therefore, to estimate the contributions of these currents at
LEO altitudes, it is required to know the latitudinal profile of these estimates at a fixed LT. As depicted in
Figure S1, it is not possible to have good latitudinal coverage for a fixed LT using COSMIC occultation
points, until we either include different days to get the variation at a fixed longitude or include all the avail-
able longitudes on a single day. In this subsection, we fix the longitude and collect the electron density pro-
files from different days. While combining various days, we tried to group days with similar properties such
as season, solar flux, etc. The quiet days (Kp < 3+) from equinox months (February, March, September, and
October) during years 2014-2018 with high solar flux (F10.7 = 180 — 200 sfu) were chosen. We set a window
of +0.5 hr in the vicinity of a given LT, that is, considered all the LTs within +0.5 hr. The longitudinal bin
size is chosen as 20°, so that for 300°E, all the longitudes with 300 + 10° are considered. In the case where
more number density profiles in the latitudinal bin of width 8°exist, then the mean values are considered.
The values are further interpolated to get the latitudinal resolution of 5°.

Figure 2a and 2b shows the electron density variations in the geographic latitude-altitude frame for longi-
tude 300°E at 15 and 20 LT, during high solar flux conditions. At 15 LT, two peaks at 20°S and 0° geographic
latitudes are observed, which may indicate the formation of EIA with a maximum magnitude of
2.2 x 107° cm™>, whereas only one peak at 5°S with a magnitude of 1.5 x 107® cm™ is evident at 20 LT.
Normally, EIA is present at 20 LT; however, the data collected by COSMIC during the considered days
and time show the absence of this feature. Comparison of the present electron density profiles obtained from
COSMIC with that from TIE-GCM shown in Figure 5 of Maute and Richmond (2017) reveal differences in
terms of magnitude and height of the peak. At 15 LT, magnitude of electron density modeled from TIE-GCM
is larger (peak ~4 % 107% cm™?) than COSMIC observations (peak ~2.2 x 10~° cm ™). Furthermore, in TIE-
GCM, the height of peak electron density is at ~360 to 460 km and the geographic latitudes of peak densities
are ~30°S and 5°N, while the COSMIC observations show the height of the peak at ~300-350 km and ~20°S
and the geographic equator. Also, at 20 LT there are differences in the peak magnitude of 2.5 x 107® cm™>
and an altitude difference of ~50-100 km between TIE-GCM and COSMIC values.

Figure 2c-2n represents the variation of the Jy, J),, and combined currents (J; + J,) and corresponding mag-
netic field variations with latitude and altitude at 15 and 20 LT. J, is eastward throughout the region, whereas
J), is mainly westward in the upper ionosphere and eastward in the lower ionosphere. At 15 LT, J,, eastward
Jp, and (Jg + Jp,) currents show peaks at ~20°S and near the equator, which correspond to ~10°S and 10°N
geomagnetic latitude. Significant eastward J, is present between 300 and 450 km, with an amplitude of
~20 nA/m?, whereas J,, is eastward below 300 km (peak value ~25 nA/ m?) and westward at higher altitudes.
Thus, J, and J,, are essentially opposite at higher altitudes above the F region peak and hence reduces the net
current and its magnetic variations. For 20 LT, EIA type two peak structures are neither seen in the electron
density nor in Jy, J,, and (Jg + J,,). Instead, it shows a single peak at 10°S, which corresponds to the geomag-
netic equator. Interestingly, J, shows peak at 250 km with magnitude of ~70 nA/m?, which is higher than
daytime (15 LT) values. This could be due to the larger vertical gradient in the electron density present at that
location at 20 LT

Figures 11-1a and 11-2a of Maute and Richmond (2017) show that at both LTs, J, peaks at an altitude of
~450 km and ~20°S geographic latitude with an amplitude of ~30-40 nA/ m?, and second peak, which is rela-
tively weaker is seen near the geographic equator. The deviations of our results about the peak height and
magnitude from those of Maute and Richmond (2017) can be obvious due to the differences in the electron
density profiles discussed above. The net current (J; + J),) due to source currents displayed in their Figure 12
shows two peaks at lower heights between 300 and 400 km, where southern hemispheric peak at ~20-25°S is
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Figure 2. (a) Electron density, (c-e) gravity-driven currents (Jg), pressure-gradient currents (Jp,), and their sum (Jg + Jp,)
and (f-h) their corresponding magnetic perturbations ABg, ABp,, and (ABg + ABp,) with geographic latitude and
altitude at 300°E geographic longitude, for equinox solar maximum conditions (180 < F10.7 < 200) at 15 LT. (b) and
(i)-(n) The same as (a) and (c)-(h) respectively, but at 20 LT.

stronger with an amplitude of ~40-50 nA/m?. Our results at 15 LT (Figures 2c-2h ) also show the peaks at
lower heights at ~300 km and ~20°S and near the geographic equator; however, the northern peak is
slightly stronger in our results.

The AB, is northward and AB), is mainly southward above the F2 peak. The (AB, + AB,) shows significant
values at lower heights (below 300 km) and lower latitudes (~10 nT at 15 LT and ~6 nT at 20 LT). At upper
altitudes (above 450 km), the combined magnetic effects are less than 2 nT at 15 LT and less than —0.5 nT
at 20 LT.
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3.3. Solar Flux Dependence

Here, we examine the dependence of the magnetic field variations due to GC and PC on the solar flux.
Figure 3 depicts the variations of AB,, AB, and (AB, + AB,,) with F10.7, near 15 LT and at 450 km height,
grouped in different latitudinal (magnetic) ranges and are displayed in different subplots. The latitudes are
grouped with a range of 5° near the dip equator to lower latitude region, and with a wider range in the mid-
latitude region in both the hemispheres, resulting in total nine groups as shown in Figure 3. The southern and
northern hemispheric zones are shown on the left and right sides, respectively, while the near-equatorial
zone is shown at the bottom. In the figure, the red, blue, and green color symbols represent ABg, AB,, and
(ABg + ABy), respectively, and corresponding linear fits are also shown with black lines. Two things are evi-
dent from the plots: first is that as the solar flux increases, the magnetic field variation due to these currents
also increases; second thing is that the magnetic field associated with these currents decreases with latitude
and becomes very small beyond 25° latitude. Moreover, as the contributions from AB; and AB), are oppositely
directed, the absolute values for (AB; + AB,) are smaller than that of AB, or AB,, at an altitude of 450 km. At
solar flux of 150 sfi, (ABy + AB,) is less than 2.5 nT in the equatorial-to-low-latitude region; while in the
midlatitudes, it reduces to less than 0.5 nT. As seen from the plots of Figure 3, the slopes of the fitted lines
are different at low and middle latitudes. The slope for (AB; + AB,) is ~0.02 nT/sfu at lower latitudes
(<25°), that is, ~2 nT for a change of 100 sfu, whereas beyond 25° the slope is nearly 0. The slope for AB,, is
~—0.035 and —0.004 nT/sfu at low and middle latitudes, respectively. The slope for AB, indicates ~4.5 nT
change in AB, at low latitudes and ~0.4 nT change at middle latitudes, with 100 sfu change. This may indicate
that, the solar flux influence of the magnetic field variations due to GC and PC is considerable at the
equatorial-to-low-latitude region and small at midlatitudes.

3.4. Latitude-Altitude Frame on a Single Day

3.4.1. 27 September 2014

In section 3.2, we fixed the longitude and collected different days to obtain the electron density in the
latitude-altitude frame. However, in this process, though the longitudinal dependence of the profiles was
considered, the day-to-day variability was ignored. For the selected days, the solar flux values and geomag-
netic activity index Kp varied from 180 to 200 sfu and 0 to 3+, respectively. Thus, even though the data was
limited to high solar flux conditions there is still a variability, which can be attributed to the solar flux and
geomagnetic variations. In this section, we attempt to address this issue by focusing on 1 day but considering
the profiles at all the available longitudes. The distribution of occultation points of the COSMIC constella-
tion on 27 September 2014, in the geographic latitude-LT frame, is displayed in Figure 4a. Again, here we
focus on 15 and 20 LT, and the LT windows near these times are shown by horizontal lines, and the points
considered are shown by asterisk. For 15 LT sector, we have selected the LTs between 14.3 to 15.5 LT and for
20 LT, the selected bin was slightly wider from 18.8 to 21.4 LT. The determination of this width solely
depends on the available points for better latitudinal coverage.

Figures 4b and 4c display the electron density in the dip latitude-altitude frame, for 15 and 20 LT, obtained
on 27 September 2014, using the density profiles at the locations indicated in Figure 4a. It should be noted
that unlike previous figures, the latitudes are dip latitudes here; as we have considered all the longitudes, it is
more appropriate to express the latitudes as dip latitudes rather than geographic latitudes. This is because
the offset between geomagnetic and geographic latitude varies significantly with longitude and the plasma
density is strongly organized with respect to the magnetic main field. One can notice the density peaks in
both hemispheres at ~350-400 km height, for both LT sectors. The dip latitudes of density peaks are at
15°S and 15°N for 15 LT, which may indicate the development of EIA at this time. The locations of density
crests are 10°S and 12.5°N for 20 LT, and the peaks are weaker. It seems the electron density profiles
obtained here adopting the second approach are more realistic than those obtained through the first
approach.

Figures 5a-5f and 5g-51 display the results obtained based on above electron density profiles at 15 and 20 LT,
respectively. J, shows peaks at ~15° dip latitude in both hemispheres for 15 LT, and these positions move
equatorward to ~10°S and 5°N for 20 LT sector. J, and AB,, also show two-peak structures at 20 LT, but more
clearly at 15 LT. (J; + J,) shows peaks at 15°S and 15°N of ~40 nA/ m? amplitude, near 300 km at 15 LT,
whereas the peaks slightly move equatorward at 20 LT, with the strength of ~20 nA/m? The combined mag-
netic field perturbation (ABg + AB,) is stronger at the lower heights with some weak two-hemispheric peaks
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Figure 3. (a-i) Scatter plots of (ABg + ABp) versus F10.7 index, computed at 15 LT, at an altitude of 450 km
and geographic longitude of 300°E. The dip latitude range is mentioned at the top of each subplot.

and decreases with height. Comparison of these with those shown in Figure 2c-2n reveals slight differences
especially for 20 LT, which could be due to the differences in the electron density profiles; however, the
broad features match well particularly for 15 LT sector.

3.4.2. Plausible Effects of Longitudes

The computation of J, and J,, (Equations 3 and 4) depends on the (1/B) factor and also on the latitudes
through cosine of inclination factor, in addition to the electron density and its gradients. It is known that
the ambient magnetic field is weakest in the American sector (near 300°E longitude) and hence 1/B factor
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Figure 4. (a) Occultation points of the COSMIC constellation in the latitude-LT frame, on 27 September 2014.
The asterisk points represent those corresponding to 15 and 20 LT. (b and c) Electron density at 15 and 20 LT
respectively on 27 September 2014 for solar maximum conditions (F10.7 = 182.2 sfu1).

is maximum there (Jadhav et al., 2002b). Figure 6a shows the variation of (1/B) in longitude-dip latitude
frame, which is based on the CHAOS model (Finlay et al., 2016) calculations for the year 2014. It shows
that there is a differences of ~15,000 T~ between 100°E and 300°E longitudes at the dip equator.
Therefore, if the longitudes of the electron density profiles in the COSMIC data vary considerably,
especially when the longitudes vary between 100°E and 300°E, then 1/B will significantly modify the
results depicted above. Figures 6b-6e shows the longitudes along with the latitudinal profiles on different
days, selected from September and October months, with local times at 15 hr and 20 hr. The plots indicate
that the longitudes vary considerably. Moreover, it is evident from Figure 6 that at 300°E longitude, there
are significant latitudinal differences and also there is strong asymmetry about the dip equator position.
Therefore, the latitudinal profiles at 300°E may be significantly different than those at other longitudes.
Thus, it is clear that the magnitudes of Jg, J,, and corresponding magnetic field variations have a strong
dependence on the longitudes. Therefore, both the approaches have some limitations in getting the
latitudinal profiles of these currents as required for the corrections of LEO observations.

3.5. Local Time Dependence

In this subsection, we examine how the latitudinal profiles of AB,, AB,, and (AB; + AB,) vary with LT. We
have displayed the results at two altitudes viz., 300 and 450 km. To obtain the LT patterns using the first
approach requires a large number of days to have all LTs at fixed longitude. The possibility of getting those
many days with high solar flux was examined and found that not sufficient number of days are available, and
hence, we adopted the second approach to study the LT dependence.

As seen in Figure 4a, it is possible to get a couple of LT sectors having good latitudinal coverage on a single
day, and hence, to get other LTs, one has to consider several days. We have considered multiple days from
October only, to avoid the seasonal differences, if any. Yet we could not get very good LT coverage—there are
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Figure 5. (a-c) Zonal currents due to gravity (Jy), pressure-gradients (Jp), and combined currents (J + Jp,) and (d-f) their corresponding variations in the scalar
magnetic field (ABg, ABp, and ABg + ABp) at 15 LT on 27 Sept 2014. (g-1) The same as (a)~(f) but at 20 LT.

empty sectors near 1, 7, 14, and 19 LT. In particular, the data gaps near 14 and 19 LT sectors are of concern,
as the currents may be significant in those sectors. Table S1 shows the different dates and corresponding LT
sectors used here to calculate the LT pattern. From the table, we can see that on some days there are only a
couple of LT sectors with good latitudinal coverage. So, there are days providing as small as two LT sectors,
while on some other days, it is eight. None of the days could provide all the local times. The average of the
magnetic field perturbations is considered when the same LT sector is available multiple times.
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Figure 6. (a) Variation of reciprocal of the ambient magnetic field (1/B) shown in the longitude-dip latitude frame at an altitude of 300 km. (b-e) Longitudes
of various occultation points used to obtain the latitudinal profiles on different days and LTs.

Figure 7 illustrates the latitudinal profiles of the magnetic field variations at different LTs, at the altitudes of
300 and 450 km. It is found that AB, is positive and shows maxima near 15 LT with a magnitude ~6-8 nT at
300 km and 3-5 nT at 450 km in the dip equatorial-to-low-latitude region. AB, is negative and shows peaks
in the morning (around 10 LT) as well as in the afternoon hours (16-17 LT), at both altitudes (300 and
450 km). The magnitude of these peaks is ~3 nT. The net magnetic field variations shown in the rightmost
columns reveal that the maximum amplitude of (ABg + AB,) is ~6-7 nT near the dip equatorial-to-low-lati-
tude region at ~15-16 LT at 300 km and decreases to 3—4 nT at the altitude of 450 km. However, one should
note that these patterns are approximate and may vary with different data points, as demonstrated in sec-
tion 3.4.2 that mixing longitudes can significantly change these patterns. Since the latitudinal patterns dis-
played in Figure 7 at different LTs have used different number of days, one can compute the standard
deviations to estimate the associated variability. We found (not shown here) that the standard deviation is
mostly less than ~0.5 nT, except near 15 LT where it varies from 2 to 3.5 nT. However, one should keep in
mind that these deviations are indicative of only day-to-day variability and do not account for the variability
due to mixing of longitudes.

4. Discussions

In addition to the ionospheric-dynamo currents, the gravity and plasma pressure-gradient currents flow in
the Earth's ionosphere, whose contribution on the ground is negligible compared to that of ionospheric-
dynamo. However, these currents and the associated magnetic perturbation are important within the iono-
sphere and were estimated before, either using some approximations or based on models. Some studies have
interpreted the night-time residual magnetic fields obtained from CHAMP and Swarm satellite observations,
in terms of the signatures of GC and PC (Alken, 2016). The present work aims to estimate these currents using
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Figure 7. (a-f) The local time structure of ABg, ABp, and (ABg + ABp) at 300 and 450 km in the top and bottom panels, respectively, for October month.

COSMIC observations. Since LEO satellites fly in the ionosphere, which is the source region of GC and PC, it
is important to know the magnetic field variations due to these currents. Computations of these currents
using Equations 3 and 4 and their corresponding magnetic field variations using Equations 7 and 8
require the information of the entire height profile of the ionospheric plasma (including density, ion
composition, and plasma temperatures), which is not available with LEO satellites. The approximation for
estimating the magnetic field perturbation due to PC given by Liihr et al. (2003) has been used widely
while analyzing the magnetic field measurements recorded by polar LEO satellites. The estimates obtained
from the general circulation models (GCMs) have revealed that above the F region peak, the GC and PC
are opposite in direction, and hence, net effect due to these currents is nonsignificant there (Maute &
Richmond, 2017). They further suggested that correcting for only one current is not appropriate, as it may
introduce errors of similar size as the observations (residual fields obtained after subtracting the main
magnetic field) itself. In this context, it becomes imperative to estimate and understand the combined
effects using actual observations. Through this paper, we intend to verify this aspect using actual electron
density data collected by COSMIC satellite constellation. In the view of tremendous magnetic field data
collected by the ongoing Swarm mission satellites, it is very important to clarify this point using actual
electron density values at different local times, solar flux values, latitudes, and altitudes. Further, the
purpose of the present work also includes, if possible, to obtain the estimates of magnetic field variations,
which can be applied as the corrections to the satellite observations flying in different LT sectors.

The instruments deployed on the six microsatellites of COSMIC constellation provide the height profiles
of the ionospheric electron density (Rocken et al., 2004), which has been used in the present study.
Though the Abel inversion technique is widely used in GPS IRO, it often generates the artificial plasma
cave (Liu et al.,, 2010; Yue et al., 2010) and results in unphysical negative electron densities at E region
altitudes. Therefore, the electron densities at the lower heights are often not reliable, and hence the
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Figure 8. (a-f) Comparison between our results of (ABg + ABp) and AB,, from diamagnetic approximation on 27 September 2014 at 15 and 20 LT.

present study has considered the electron densities at the heights mainly above 200-250 km and
computes the currents and magnetic field variations therein. Since LEO satellites normally fly between
300 and 700 km altitude, focusing on the altitudes above 250 km is suitable for the present study.

Maute and Richmond (2017) have comprehensively examined the magnetic signal due to gravity and
plasma pressure-gradients using TIE-GCM simulations at 300°E longitude. To ease the comparison, we
have also attempted to obtain the results at 300°E. In the present work, we use Equations 3 and 4 to com-
pute J, and J,, and ignore the currents produced by the induced electric fields. This can be a fair considera-
tion, as at the altitude range of our interest the secondary Pedersen currents due to induced electric fields
are negligible. The associated magnetic field variations are calculated based on the approximation of a
one-dimensional current shell with zero height integrated current. Maute and Richmond (2017) have com-
pared the magnetic field perturbations obtained with and without consideration of the induced electric fields.
Their Figures 11-1b and 11-2b show the magnetic field variations due to GC obtained from the approximation
shown by equation 7 here, and their Figures 11-1c and 11-2c are from a full three-dimensional current
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system. The differences between these two estimates shown in their Figures 11-1d and 11-2d reveal that the
approximation works in most of the region. At 15 LT, the differences are largest at lower altitudes <200 km
and near dip equator. At 20 LT, the differences are prominent near 30°S geographic latitude below 300 km,
and very small over all the other latitudes and altitudes. Thus, the approximation, which is much simpler to
use compared to a full three-dimensional solution is suitable within an error of 1-2 nT in the region of our
interest where LEO satellites normally fly.

Since the motive of the study is to obtain the magnetic field variations due to these currents at the altitudes of
polar LEO satellites, it is required to get the latitudinal profile of these estimates at a fixed LT. However, spar-
sely available COSMIC data at different latitudes with fixed longitude and LT compels in compromising
either for several days or different longitudes. Therefore, we have adopted the following two approaches:
One is by considering different days to get the latitudinal profiles at a fixed longitude and LT; and the other
approach is considering all the longitudes on a given day and LT. Both these approaches have some limita-
tions of either mixing day-to-day variability or mixing different longitudes. As demonstrated in Figure 6a,
the ambient magnetic field at different longitudes can modify the current computations considerably.

The results depicted in Figures 2, 3, and 5 indicate that the magnetic field variations due to GC and PC are
important only at the dip equator-to-low latitude region, and magnetic fields are negligibly small poleward
of 35° latitudes. Results obtained separately for GC and PC help to understand the relative and the net con-
tributions of these currents. The net currents (J + J,) and associated magnetic field variations (AB, + AB,,)
are stronger in the lower ionosphere and reduce considerably in the upper ionosphere. Figure 3 demonstrates
that the currents (Jg, J,) and magnetic field variations (AB,, AB,) increase almost linearly with the solar flux
values, and are significant during higher solar flux conditions. At 15 LT over 300°E longitude, during the
moderate solar flux, the net effect is found to be ~4.3 and 0.7 nT at 300 and 450 km height, respectively.
And at low solar flux, it is as low as close to 0. During high solar flux, the (AB, + AB,) values are ~7 and
2 nT at 300 and 450 km height, respectively. Therefore, to understand the maximum extent of the effects
of these currents, we have carried out the analysis for the high solar flux index (F10.7 > 180).

The eastward J, is found to exhibit peaks in both the hemispheres at ~350-400 km altitude with a magnitude
of ~20-30 nA/m?, whereas ABg is maximum at the lower altitudes and decreases with height. The eastward
Jp shows peaks at ~300 km in both the hemispheres at ~ +15° dip latitude, with an amplitude of 30 nA/ m? at
15 LT and ~20 nA/m? at 20 LT. The westward J » also shows peaks in both the hemispheres at ~500 km with
amplitudes of ~10 nA/m? at 15 LT and ~5 nA/m? at 20 LT. The AB, is southward with two peaks at ~ +15° at
an altitude of 400 km with a magnitude of ~1-3 nT. The (J; + J,) shows peaks in both the hemispheres at
~300 km with an amplitude of ~40-45 nA/m? at 15 LT and ~20 nA/m? at 20 LT. While (ABg + ABy) is largest
at the lower altitudes (at 250 km, ~9 and ~5 nT at 15 and 20 LT, respectively) and decreases with height
(at 450 km, ~2.2 nT 15 LT and <1 nT at 20 LT). It has a very weak two-peak pattern, which disappears at
higher altitudes. As the magnitude and altitude variation of the current density depends very much on the
electron density profile (e.g., the height and peak density of the F layer), we examined the differences
between the electron density profiles obtained by COSMIC observations and TIE-GCM. It is found that
the TIE-GCM plasma densities displayed in Maute and Richmond (2017) are stronger and peak at higher
altitudes compared to those obtained from COSMIC observations. Hence, the lower magnitudes and lower
altitudes of the current densities obtained here are apparent. The broad features of our results agree with the
results presented by Maute and Richmond (2017).

The latitudinal patterns at different local times displayed in Figure 7 for the F region altitudes have shown
that the magnetic field effects vary at different LT sectors and are significant in the noon to evening sector.
The intention behind making these latitudinal profiles at different LTs is obtaining the corrections in the
magnetic field observations recorded by the LEO satellite magnetometers flying in the F region. However,
one should note that the patterns displayed in Figure 7 are approximate and may vary with different data
points, as demonstrated in section 3.4.2 that mixing longitudes can significantly change these patterns.
The patterns can be obtained using the first approach as well, which is for the fixed longitude. But this
approach requires many days with geomagnetic quiet conditions, similar months and solar flux values.
From the time of launch of the COSMIC constellation in 2006 till now, getting days with high solar flux is
very limited. Therefore, obtaining these corrections using COSMIC observations, for high solar flux when
the corrections can be important, is not feasible in the near future. It would need observations from a
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relatively stronger solar cycle period. However, getting the patterns during low to moderate solar flux values
is possible. In the future, the electron density profiles based on some empirical model can be used for getting
these corrections.

Alken (2016) used residual magnetic fields obtained from LEO satellite observations for studying the sig-
natures of GC and PC. As the residual fields would contain the effects due to both these currents, they
used the orientations of the vector components of the residual fields to speculate about the dominance
of either J, or J, currents. They reported that these currents can produce perturbations of one to a few
nT in LEO satellite measurements, even up to midnight during both solar maximum and minimum.
However, according to the present analysis during high solar flux, only 1-2 nT variations can be present
until midnight at 300 km altitude and almost no magnetic field variation after 21 LT at 450 km.

Figure 8 compares (AB; + AB),) values obtained using Equations 7 and 8 (upper panel) with the magnetic
field correction applied using diamagnetic approximation (AB,appyx) from Liihr et al. (2003) (middle panel),
on a fixed day of 27 September 2014 at 15 and 20 LT. The differences between these two values are shown in
the bottom panel. From the figure, it is clear that both the magnetic field corrections are different in magni-
tude and also direction. The (AB, + AB),) are mainly northward with a maximum amplitude of ~6 nT at
lower altitudes below 300 km. Contrarily, (AB,appx) is essentially southward with maximum amplitude close
to 4 nT. At an altitude of 450 km, over the dip equator, (AB, + AB,) indicates correction of ~—2.2 nT, while
(ABpappx) suggests a correction of ~ +3 nT, and consequently, there is a net difference of ~5 nT between
these two values. Thus, the correction based on the diamagnetic approximation is in the opposite direction
with an almost similar range of magnitude, which would result in almost doubling the error in the correc-
tion. This indicates that the correction of only one current instead of considering the combined effects of
(AB,; + AB,) would introduce unnecessary errors, and hence, it is advisable not to apply any correction at
all rather than correction of only one current component. As stated above, it is not possible to estimate
AB, based on the data collected by the onboard LEO instruments, and hence the possibility of estimating
it using inflight data is absent until some approximation for AB, is worked out.

5. Conclusions

Using the vertical profiles of the ionospheric electron densities obtained from COSMIC-1 satellite cluster, the
following conclusions are drawn:

1. Using COSMIC data, it is not possible to get good latitudinal coverage of ionospheric electron density
profiles on a given day at a fixed LT and longitude, as required by LEO satellite trajectories. Hence, fails
to reproduce the standard electron density patterns in the latitude-altitude frame, missing the EIA
features.

2. Therefore, one has to compromise either with days or longitudes, that is, need to consider either several
days at a fixed longitude or different longitudes on a fixed day.

3. The magnetic field variations due to gravity and pressure-gradient currents (ABg + AB,) are important
only at the dip equator to low-latitude region, and fields are negligibly small beyond 35° latitudes.

4. The magnetic field variations (AB, + AB),) are stronger in the lower ionosphere and reduce considerably
in the upper ionosphere.

5. The effects of GC and PC increase almost linearly with the solar flux values and are significant during
higher solar flux conditions.

6. The magnetic field effects of these currents vary at different LT sectors, which are significant in the noon
to evening sector, and negligibly small in other LT sectors.

7. To apply the corrections due to these currents in the magnetic measurements recorded by the LEO satel-
lites, the latitudinal profiles are obtained at different LTs. However, during high solar activity, it was pos-
sible to obtain these patterns only by ignoring the longitudinal differences. Hence, there is a need to use
either COSMIC data-based empirical model values for electron density profiles or get the patterns from
full three-dimensional solutions through general circulation models.

8. The study demonstrates that correcting the LEO satellite magnetic measurements for only one current
such as PC through diamagnetic approximation can introduce unnecessary errors.

9. The present study suggests that there is no need of correction for GC and PC in the magnetic field mea-
surements by the LEO satellite if
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