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Abstract: Over time, the initial algorithms to derive atmospheric density from accelerometers have
been significantly enhanced. In this study, we discussed one of the accurate accelerometers—the
Earth’s Magnetic Field and Environment Explorers, more commonly known as the Swarm satellites.
Swarm satellite-C level 2 (measurements from the Swam accelerometers) density, solar index (F1p7),
and geomagnetic index (Kp) data have been used for a year (mid 2014-2015), and the different
types of temporal (the diurnal, multi-day, solar—rotational, semi-annual, and annual) atmospheric
density variations have been investigated using the statistical approaches of correlation coefficient
and wavelet transform. The result shows the density varies due to the recurrent geomagnetic force at
multi-day, solar irradiance during the day, appearance and disappearance of the Sun’s active region,
Sun-Earth distance, large scale circulation, and the formation of an aurora. Additionally, a correlation
coefficient was used to observe whether Fj( 7 or Kp contributes strongly or weakly to annual density,
and the result found a strong (medium) correlation with Fyg 7 (Kp). Accurate density measurement
can help to reduce the model’s bias correction, and monitoring the physical mechanisms for the
density variations can lead to improvements in the atmospheric density models.

Keywords: atmospheric density; temporal variation; Swarm mission; correlation coefficients; solar
and geomagnetic indices

1. Introduction

Atmospheric density is one of the most significant parameters in the field of satellite orbit
determination, solar—terrestrial physics, and their modeling. It can be derived from accelerometers
onboard Low Earth Orbit (LEO) satellites, such as Gravity Recovery and Climate Experiment (GRACE)
and CHAllenging Minisatellite Payload (CHAMP). These satellites are useful for collecting valuable data
through its onboard accelerometers [1]. Recently, the Swarm mission from the European Space Agency
(ESA) is a new dedicated satellite programme for measuring the atmospheric density. It provides
acceleration measurements from onboard accelerometers. This new mission data centre covers all the
steps that are required to convert accelerometer data into density and wind data, and their subsequent
use to improve the understanding of the thermosphere [2].
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Many years ago Marcos et al. [3] and Marcos and Forbes [4] found the successful application of
the derivation of the thermospheric density. CHAMP and GRACE accelerometers have been used to
detect thermospheric density at the upgraded accuracy [5,6]. The resolution of Swarm accelerometers
is better than the CHAMP STAR accelerometer by 3 nm/s? and below 10 nm/s? for a noise level [7].
The Swarm constellation consists of three satellites in near—polar LEO. Two are flying side-by-side
around about 450 km altitude, whereas a third satellite is orbiting about 530 km altitude. The goals of
the ESA Swarm Earth Explorer mission [8] are to assess the magnetic field of Earth and its variations
across the globe. A rocket launcher from Russia launched this mission in autumn 2013. Technically,
this mission’s expected lifetime duration was four years. Initially, this mission’s focus was to map the
global magnetic field of the Earth and its time-based variations with excellent exactness and correctness.
Furthermore, three—star trackers carried by each Swarm satellite allow an accurate outlook reform for
different latitudes and local times. Furthermore, the satellites have onboard global positioning systems
(GPS) and accelerometers. These satellites provide a unique sampling for both the local solar time and
universal time. As such, the Swarm Satellite Constellation Application and Research Facility (SCARF)
has been formed for the relevant Swarm observations like the derivations of density and wind in the
thermosphere [9]. Under ESA’s contract, the Swarm Level 2 processing system (L2PS) is governed by
the SCARF and both are accountable for Level 2 data products.

The differences between predicted and actual satellite orbits can be seen through the errors in
estimating thermospheric density [10]. On a shorter scale, this error affects the reliability of planetary
items like orbital components, and therefore, it degrades the effective tracing, conflict avoidance,
and re—entry predictions. On the other hand, the density variation influences the lifetime design of
satellite, onboard fuel, and satellite outlook power due to model uncertainty [11,12]. Geomagnetic
forcing and solar irradiances may lead to the spatiotemporal variations of thermospheric density.
Furthermore, the thermosphere is thoroughly connected energetically, dynamically, and chemically [13].
For instance, at high latitudes when there is a collision between the neutral species and the plasma, the
energy and momentum are transferred by ionospheric plasma convection. This heat accelerates the
thermosphere. In the geomagnetic field of the earth, the neutral wind of the thermosphere transfers
electrically and generates electric fields. The neutral and plasma dynamics are affected by the current
and dynamo electric field. The variations of the inner dynamics of the system, outward forcing,
and pairing between the thermosphere and ionosphere drive the temperature. Thus, the scale height
of the neutral density is ultimately changed and causes complex density variations [14-17].

The prime energy contribution to the thermosphere is solar irradiance. Soft X-ray and
extreme ultraviolet (XUV), extreme ultraviolet (EUV), and far ultraviolet (FUV) are absorbed by
the thermosphere. The thermosphere completely absorbed Solar EUV and is heated by EUV; however,
several XUV and FUV can enter the mesosphere. Geomagnetic activity is the energy input to the
thermosphere and this energy comes from the interaction between the magnetic field of earth and
solar wind. The magnetospheric-ionospheric current system is amplified by geomagnetic energy
and causes energetic particle precipitation into the atmosphere. Plasma convection is driven by the
magnetospheric—ionospheric current system in the high—latitude ionosphere through Joule heating,
and then energy is transferred to the thermosphere. Energetic particles precipitate and heat the
thermosphere from the magnetosphere by ionization of thermospheric constituents. During the period
of major geomagnetic storms, the major energy foundation for the thermosphere system is Joule heating
and energetic particle precipitation compared to solar irradiance. Compared with solar irradiance, the
more dynamic and impulsive component is the geomagnetic activity [18-20].

Solar or geomagnetic indices are a vital step to determine the accuracy of any atmospheric model.
These indices are mostly used by MSIS, Jacchia, and other atmospheric models [6,21-26] because
of their availability on a long—term basis. The atmospheric models are not fully dependent on the
geomagnetic or solar index but they smooth the effect over a period of time. Initially, solar index Fjg 7
was measured at Ottawa, Canada, located at 45°25" N, 75°43” W. Following 14 February 1947 at 1700Z,
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F10.7 has been measured on a daily basis and presently Fyg 7 is measured at Penticton (sometimes it is
referred as Ottawa data).

The geomagnetic index explains the oscillations of the magnetic field on earth. At high altitude
(40 to 600 miles), the Sun frequently releases plasma that is thrown towards the earth and it interacts
with the magnetic field of the earth. During the time of interaction, a boundary named magnetopause
and complex currents is formed. The magnetopause is a steady border between the terrestrial
magnetosphere and solar wind. It is located at ~ 10 Earth’s radii from the surface. A magnetic
field is produced by these currents. Currents radically fluctuate during storms and these changes
happen on a short time scale like an hour. Due to these storms, the geomagnetic index rises rapidly,
and thus the temperature and density of the auroral zones also rise. Though, the shift of a warm spot
is to the mid-latitudes only and shift of a dense region farther, to low latitudes. These changes took
place for a short duration; however, the density may increase due to the magnitude of the storm [19].
The thermosphere absorbs a very small portion of solar flux, which is significantly affected at a short
wavelength by the solar cycle. Another geomagnetic index (Kp) is known as a geomagnetic storm
index that is measured hourly based on K indices (a local index of geomagnetic activity). The Kp
range varies from 0 to 9, where 0 (9) refers to very little geomagnetic activity (extreme geomagnetic
activity) [19].

Visser et al. [26] described a detailed methodology to process data from the Swarm mission that
has been followed. A processing facility has been operationally developed by Astrodynamics and
the Space Missions under the Faculty of Aerospace Engineering at the TU Delft, the Netherlands that
aims to produce the Swarm satellite locational period sequence of thermospheric density and wind.
This paper discusses the technique to derive density and its variation using Swarm mission data and
the role of solar Fyp 7 and geomagnetic index Kp. The structure of this paper is as follows: The data
and the methodology details are described in Section 2. In Section 3, the observational results from
the mission data are presented and the results are discussed. A summary discussion and conclusions
including thoughts on future development are provided in Section 4.

2. Data and Methods

To improve the understanding of the thermosphere density and winds, accelerometer data from
satellites have been used in the present study.

2.1. Density, Fq9.7, and Kp Data

To build an accurate representation of the atmospheric density, reliable data have been obtained
through the Swarm mission from the accelerometers. In this study, the daily density data have
been collected from the Swarm-C satellite (from June 2014 to May 2015). Swarm Level 1b (L1b)
and Level 2 (L2) data products are freely available by FIP to ESA-EO registered users (https:
//earth.esa.int/web/guest/Swarm/data--access). The FTP top-level structure is divided into the ‘Levellb’,
‘Level2daily’, and ‘L2longterm’ directories. The Swarm Level 1b data products are then corrected and
the output is formatted (3 days after downlink) from each of the three Swarm satellites. By complex
assimilation of these individual satellite measurements into one set of products for the satellite
constellation, the Swarm Level 2 processor ensures a very significant improvement of the quality of the
final scientific data products (up to three weeks later). The Fyg7 and Kp data have been collected from
http://www.swpc.noaa.gov/Data/index.html. This is mostly used by atmospheric models and a vital
step to determine the accuracy of any atmospheric model [21-28].

2.2. Methods

2.2.1. Data Processing from Swarm Mission

Thermospheric density and wind (TDW) retrieval and precise orbit determination (POD) are the
two chains of this processing facility that consists of separate modules. The quality of the Swarm
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observational input data tuned each of these modules. To geolocate the Swarm satellite observations,
POD is required. The POD includes mainly four tasks like preprocessing of data, setup orbit, orbit
computation, and finally quality assessment.

The TDW chain is the next step of the POD chain. The auxiliary data (solar and geomagnetic
activity), accelerometer measurements, and calibration parameters and the orbit solutions are available
in the POD chain. POD and TDW chain information is broadly used by the NRLMSIS-00 and HWMO07
density and wind models [17]. The below processing stages are acknowledged: 1. preprocessing of
the accelerometer; 2. radiation pressure removal; 3. derivation of thermospheric density and winds;
4. quality assessment of density; and 5. amalgamation in the final Level 2 product output.

2.2.2. Pearson’s Correlation Coefficient

We have smoothed all data by considering linear and nonlinearity. The linear correlation coefficient
(expressed as quantity r, Equation (1)) measures the strength and the direction of a linear relationship
between two variables [29,30]. In order to test whether the variations of F1g7 and Kp are statistically
significant, Pearson’s correlation coefficient has been measured on the variation of annual thermospheric
density. It is computed as

L6 - %) (Yi - Y)
r = 5 (1)
A2 R
Y (x = x) Z?:l(Yi - Y)
where 1 is the number of pairs of data and x (density), y (solar or magnetic index) are the variables. In
this paper, a correlation coefficient has been used to measure the influence of F1py and Kp on annual

density variations of thermospheric density. Estimation of significance was performed using Student’s
t distribution.

2.2.3. Wavelet Transform

Wavelet analysis has become a useful tool over the last decade [31]. Wavelet transform (WT)
is an innovative mathematical tool that provides the time-frequency descriptions of time series or
signals. In general, the WT divides the signal into wavelets of zero mean and finite duration [32] and
then confined in both frequency and time fields. The WT has two forms—discrete wavelet transform
(DWT) and continuous wavelet transform (CWT). The WT is implemented using for a discrete set
of the wavelet scaling and shifting for the case of DWT and a continuous set of the wavelet scaling
and shifting for the case of CWT. The DWT disintegrates the signal into low and high—frequency
segments, namely detail (D) and approximation (A). A component gives information about the signal
and is significant for the trend analysis. For example, several earlier studies [33-35] used the DWT to
identify the dominant periodic components in the data with trend analysis. The general applications
of WT-based studies are significantly increasing in studying the hydrological process [36-39], water
quality [40], streamflow prediction [41,42]; rainfall [43-45]; drought [46—49]; and trend analysis [50].
The scalogram is the absolute value of the continuous wavelet transform (CWT) of a signal, plotted as
a function of time and frequency. In this study, we have used a scalogram (Morlet wavelet) to find the
relationship between echo cycle frequency and density variation over time.

3. Results

3.1. Types of Variation

The data sets discussed in the data and methods section are used here to show the temporal
density variations. These density variations are diurnal variation, multi-day variation, solar-rotational
variation, and semi—annual and annual variation. Figure 1 shows the density variation from June 2
to June 3. The data have been collected from 2nd June 2014 onwards, and the first day has been
examined to assess the diurnal variation. We can see that density varies over time. In the thermosphere,
the primary energy source is solar irradiance. In situ daily variation of solar irradiance causes the
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large daily density variation at 460 km in the upper thermosphere, whereas tides modulated the daily
variation in the lower thermosphere [1]. By developing in the troposphere, these tides move upward
into the lower thermosphere. These observations have been supported by the density analysis of
GRACE and CHAMP. The analysis also shows that the lower atmosphere tides modulate the diurnal
variation of thermospheric density though this contribution is small compared to the in situ solar
irradiance. We then considered multi-day variation from 3rd June to 11th June for 9 days (Figure 2) as
multi-day variation is described as 7, 9, 13.5, and 27 days. Nine days is optimistic as one—third time
of solar rotational days. The density variation for multiday refers to a cycle of solar rotational phase
density variations. The solar rotational periodicities were 9 and 13.5 days. The highest density is seen on
8th June and other days show a stable similar characteristic. Recurrent geomagnetic forcing modulates
the multiday variation. This has been proved through a simulation study by Qian and Solomon [12]
Figure 3 shows the density variation based on 27 days solar rotational period. The density variation
shows a similar pattern with solar conditions. The maximum density is seen until 17th June and then it
decreases. The solar—rotational variation of thermospheric density is modulated by the arrival and
withdrawal of the active regions of the Sun. An active region of the Sun is an area of strong magnetic
field and sunspots frequently formed in here. The Sun rotates by 27 days at low latitudes where active
regions typically appear and it may be connected with solar irradiance and geomagnetic activity.
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Figure 1. Diurnal density variation on 2nd June 2014. The unit of density is kg/m3. Time format is
shown as HH:SS:MM.
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Figure 2. Same as Figure 1 but for multi-day variation.
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Figure 3. Same as Figure 1 but for solar rotational variation.

We presented a scalogram analysis to see how Fyg 7 echo cycle (fluctuation) frequency varies in
density over a month. This analysis is important in time series analysis for climate/atmospheric science
by comparing variables in wavelet analysis. The relationship between echo frequency and density
over time is shown in Figure 4. We can see a significant echo cycle of 2-3 days. The variation can be
due to the forcing from the lower atmosphere, for example, planetary/Rossby waves can modulate the
multiday variation. Additionally, the arrival and withdrawal of Sun active regions play an important
role in modulation.

Echo Cycle

1 . Day 31

Figure 4. Scalogram between Fy7 echo cycle frequency and density variation over a month (June
2014). Left (right) pointing arrows indicate that the two (antiphase) signals are in phase and down
(up)-pointing arrows indicate that the density fluctuates (does not fluctuate). The density is constant,
which does not fluctuate. If an arrow directs horizontally, then the density doesn’t fluctuate.

Figures 5 and 6 show the semi—annual and annual density variation in the upper thermosphere
from 2nd June 2014. In September, we can see only a local peak, the seasonal maximum is observed
in December—January, whereas the lowest is seen from May to August. The other peak is seen in
March 2015. St Patrick’s Day is on 17 March and a storm occurred on that particular date. The density
variations follow the “V” shape for the first 2-3 months due to the 27-day solar rotational period and
recurrent geomagnetic forcing. Thermospheric density strongly varies seasonally where the large
dispersion is detected near the equinoxes whereas the minimum is recorded at the time of northern
and southern hemisphere summer. Several researchers have detected the annual density variation.
Bowman et al. [5,6] found this variation under high solar activity conditions and the impact of solar
indices. Emmert and Picone [16] found the variation due to the Fy( 7 index and the Kp geomagnetic
activity index. Qian and Solomon [12] detected this variation due to eddy mixing comprised by
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breaking the gravity waves on the mesosphere and lower thermosphere zonal mean winds, which can
modify the thermosphere neutral composition.
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Figure 5. Same as Figure 1 but for semi—annual variation. The gap in this figure shows the missing
data from the Swarm mission.
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Figure 6. Same as Figure 5 but for annual variation.

The scalogram analysis is shown again in Figure 7 but considering a year where we can see a
significant echo cycle near 34 months. This can happen because of missing data that were interpolated.

8

F

Echo Cycle

Figure 7. Same as Figure 4 but for a year.
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3.2. Relationship between Annual Density Variation and Solar/Geomagnetic Index

Figure 8 shows the minimum density, which is seen in July, whereas the maximum is observed
from September to February. This density variation relates to the distance between the Sun and Earth,
which follows the perihelion and aphelion. During perihelion (passed near 4 January), the Earth comes
closest to the Sun, and as such we see the highest density in January. On the other hand, the Earth is
far from the Sun during aphelion time (close to 4 July), where the minimum density is seen in July.
Figures 8 and 9 show the Fy 7 and Kp effect on density variations where the strong correlation (r = 0.74)
for F1p7 and medium correlation (r = 0.57) for Kp have been calculated, which concludes that some of
these characteristics and thermosphere density are driven by solar rotation and its periodical effects,
such as the occurrence of the sunspots and strength of the solar flux.
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Figure 8. Density and Fyg 7 variations over a year. Blue and orange colors represent density and Fyg 7.
F197 is presented in the so—called solar flux units, sfu, equal to 10~22 W/(m2-Hz).
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Figure 9. Same as Figure 8 but for Kp (multiplied by 10).
4. Discussions and Summary

Geomagnetic storms induced thermospheric mass density variations are still challenging because
of limited observations and imprecise models. Recently, Swarm satellites have been able to estimate
thermospheric mass density variations, and their provided data can be helpful to study thermospheric
mass density variations [51].

In this study, we discussed the temporal variations of thermospheric density. The thermospheric
density varies seasonally and shows a more complicated pattern than maxima near equinoxes and
minima near solstices. Thermospheric empirical models describe the mechanism of the variation;
however, the mechanisms are not well agreed. We found a strong correlation (0.74) between annual
variation and Fjg 7, whereas a medium correlation (0.57) was observed between annual data and Kp.
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We also found the correlation coefficients are significant at 95% confidence level. This is consistent
with the study by Guo et al. [52]. They found that among the chosen solar proxies, F197 shows the
highest correlations with the density for short-term (27 d) variations. For both long—term (>27 d)
and short-term variations, linear correlation coefficients exhibit a decreasing trend from low latitudes
toward high latitudes.

A significant temperature increase in the auroral region occurred due to strong Joule and particle
heating. A geomagnetic storm occurred on 17 March 2015 and showed such a feature where we
can see the peak value of the Kp index on 17 March 2015 is 80. During this intense storm, storm
time meridian wind influences strong Joule and particle heating in the high—latitude ionosphere
and thermosphere. Strong temperature variations are seen due to Joule and particle heating during
geomagnetic storms [51].

During a magnetic storm, the energy in the thermosphere can be transferred from high to low
latitudes through both gravity waves and meridional circulation. Moreover, disturbances in the
high-latitude region propagate equatorward through atmosphere circulation, reaching the middle and
lower latitudes in a few hours. Two density peaks are located at around 0 h and 12 h UT during the
geomagnetic storm, where the average atmospheric density on the dayside is significantly higher than
that on the nightside, and the short-term variations are well correlated with the geomagnetic indices.
The thermospheric density rapidly increases during the main phase of the geomagnetic storm, density
enhancements are seen during geomagnetic storms and afterward, the enhancements will propagate to
lower latitudes due to density gradients, meridional winds, and gravity waves. Swarm observations
show symmetric mass density variations, which are expectable according to the solar radiation [53].
The solar rotation cycle in the solar irradiance is a manifestation of the spatial inhomogeneity in the
distribution of the bright/dark features on the solar surface and differential rotation of the Sun [54].

The target of numerical and empirical modeling is to understand the mechanism and influence of
solar and magnetic activity. The mechanism has been characterized by the seasonal performance of the
thermosphere and these seasonal changes detected by various categories of satellite missions; however,
the mechanism for variations is still under research [17]. In short, the internal neutral dynamics,
thermospheric external forcing, coupling in the thermosphere and ionosphere, and the lower and
middle atmosphere’s effects modulate these variations [55]. The diurnal variation is modulated by solar
irradiance and multi-day variation is caused by the geomagnetic activity. Furthermore, the arrival and
departure of the active regions of the sun caused the solar—rotational variation. Finally, the semi—-annual
and annual variation is driven by the large—scale circulation and geomagnetic and eddy mixing.
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