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In this study, the high-resolution data from the Defense Meteorological Satellite
Program (DMSP) satellites are used to investigate the contribution and impact
of small- and meso-scale electromagnetic field variability with different scales
on the estimation of Joule heating and Poynting flux. Smoothing windows
with various sizes, such as 5°, 2.5°, 1° magnetic latitude, are used to analyze
the characteristics of electromagnetic field variability during the March 2015
geomagnetic storm event. The results show that the small- and meso-scale
filed variability can either increase or decrease the estimation of the total Joule
heating and Poynting flux during the storm main phase by more than 100%
with a smoothing window size of 5° latitude. During the whole period of this
storm event, the electric field variability with scales smaller than 5° latitude
accounts for 47% of the total electric field on average, whereas the magnetic
field variability with scales smaller than 5° latitude only takes 10% of the total
magnetic field. Moreover, the mean magnitude changes of Joule heating and
Poynting flux due to small- and meso-scale electromagnetic field variability are
58% and 52%, respectively. The impact of small- andmeso-scale field variabilities
on the energy estimation decreases when smaller smoothing windows are
applied, for example, with a size of 0.1° latitude window, the mean magnitude
changes of Joule heating and Poynting flux are 20% and 17%, respectively.
This demonstrates that finer grids can capture more contribution of small- and
meso-scale variabilities in the calculation of Joule heating and Poynting flux. It is
very important to use high-resolution grids to calculate the total energy input at
high latitudes during storm events. These results will help improve the estimation
of high-latitude energy input in the general circulation models, thereby more
accurately predict the changes in upper atmospheric parameters.
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small-and meso-scale, electric and magnetic field variability, Joule heating, poynting
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1 Introduction

Thedeposition and dissipation processes of solar wind energy in the high-latitude upper
atmosphere have been increasingly studied with the growing attention to space weather.
During geomagnetic storms, the energy input to the Earth’s upper atmospheremainly occurs
at high latitudes due to the interaction between the solar wind and the Magnetosphere-
Ionosphere-Thermosphere (MIT) system. When the solar wind energy is injected into the
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coupled MIT system, its effect on the thermosphere and ionosphere
is related not only to the total amount of energy input, but also
to the distribution of energy [1, 2]. Energy flow is an important
aspect of magnetosphere-ionosphere coupling. Poynting flux (PF)
and particle precipitation are the important forms of high-latitude
energy deposition. Poynting flux is the main form of energy
dissipation into the upper atmosphere by the solar wind, while the
process of particle precipitation not only injects a large amount of
energy in the form of heat, but also ionizes the neutral atmosphere
and changes the conductivity distribution, thus controlling the
spatial distribution of energy dissipation [2–4]. Most of this energy
is dissipated in the form of Joule Heating (JH), which has a global
impact on the upper atmosphere, such as the enhancement of
global neutral atmospheric density, temperature, and atmospheric
circulation from the high-latitude regions to the equator [5–11].

Accurate estimation of the high-latitude Poynting flux and Joule
heating requires precise measurements of the electric and magnetic
fields.The temporal variation and spatial distribution of electric and
magnetic fields in the high-latitude ionosphere have been studied for
decades. On the large scale of thousands of kilometers, the Dungey
circulation convection in the magnetosphere drives Field-Aligned
Currents (FACs) and ionospheric plasma convection [12–16]. The
typical characteristics of the quasi-static or large-scale processes are
controlled by the direction of the Interplanetary Magnetic Field
(IMF) [17, 18].Most commonly used high-latitude electric potential
models, such as Weimer05 model [19] and Heelis model [20],
assume that the electric field is relatively smooth in space and
time, and only take the large-scale electric fields into account for
the calculations of Poynting flux and Joule heating. However, the
electric field has strong spatial and temporal variability with small-
and meso-scales (tens of kilometers and hundreds of kilometers,
respectively), which are difficult to estimate and are usually ignored
[16, 21].

Codrescu et al. [22] demonstrated for the first time that the
difference between the ion drift velocitymeasurements continuously
obtained by the Millstone Hill incoherent scatter radar, and further
proposed that the electric field variability can significantly increase
Joule heating. Since then, many papers have studied the electric
field variability. Matsuo et al. [23] analyzed the measurements
of the DE-2 satellite and found that the electric field variability
can be comparable to or even greater than the average electric
field. As a result, the electric field variability component can
contribute as much Joule heating as the average electric field.
Johnson andHeelis [24] found that due to the electric field variability
in space, the enhancement of Joule heating by spatial structures
below 1.28° Magnetic Latitude (MLat) can reach 10%.

Codrescu et al. [25] recalculated the large-scale average electric
field and small-scale electric field variability, and substituted them
into the Coupled Thermosphere Ionosphere Model (CTIM) to
calculate Joule heating. With the additional electric field variability
taken into account, Joule heating was significantly enhanced by
nearly 100%. Codrescu and Matsuo [26] used the above electric
field variability as additional inputs to the Coupled Thermosphere-
Ionosphere-Plasmasphere Electrodynamics (CTIPe, [27]) model
to study the effects of polar-area electric field variability on
the thermosphere and ionosphere during geomagnetically quiet
periods. It was found that the impact of small-scale electric field
variability to the CTIPe model led to non-negligible Joule heating

at high latitudes. Deng and Ridley [28] also analyzed the reasons
why existing models underestimate Joule heating and found that
both electric field variability and spatial resolution can affect the
estimation of Joule heating. Zhu et al. [29] developed a new high-
altitude empirical model called Auroral energy Spectrum andHigh-
Latitude Electric field variabilit Y (ASHLEY), which provides a
new method for studying the contribution of small-scale electric
field variability to high-altitude energy inputs. The additional
energy input produced by the presence of the small- and meso-
scale variabilities have also been studied by Sheng et al. [30],
using the data from the Super Dual Auroral Radar Network
(SuperDARN) to drive a global ionosphere-thermosphere model
(GITM), and it was found that multi-scale convection forcing
increases the regional Joule heating by ∼30% on average, which
is mostly contributed by the meso-scale component. In TIEGCM,
one of most commonly used General Circulation Models (GCMs),
the default spatial resolution is 5° × 5° (latitude × longitude),
and in the estimation of total heating energy, the Joule heating
term is multiplied by a factor of 1.5 to take into account the
heating due to small-scale electric field (https://www.hao.ucar.
edu/modeling/tgcm/doc/description/model_description.pdf).

In the earliest research paper on electric field variability [22],
the ion drift velocity data of the Millstone Hill incoherent scattering
radar were studied. The ion drift velocity was used to represent
the electric field, and the difference between consecutive ion-drift
measurements at the same location versus ion drift was used to
demonstrate the electric field variability. Matsuo et al. [31] defined
electric field variability as the difference between the true value
and the climatological electric field, which is determined through
statistical or mathematical methods.

Recently, Weimer [32] suggested the possibility that these
variations in the electric field may not be as significant as generally
thought. In their study, the problem of fixed conductivity in the
calculation of Joule heating in previous studies was discussed,
ignoring the anti-correlation between electric field and conductivity.
Weimer also pointed out that the simultaneous measurements of
electric andmagnetic fields when calculating Poynting flux will help
to diminish the problem of not knowing conductance values.

The impact of electric and magnetic field variability at different
scales (5°, 2.5°, 1° MLat, etc.) including meso- and small-scale on
the estimation of Poynting flux and Joule heating is studied using
the simultaneousmeasurements of electric andmagnetic fields from
Defense Meteorological Satellite Program (DMSP) satellites. The
results will help improve the estimation of high-latitude energy input
in the existing atmospheric GCMs, thereby improve the prediction
of upper atmospheric parameters.

2 Data and methodology

2.1 DMSP data

DMSP satellite data are obtained from the Madrigal website
(www.cedar.openmadrigal.org). The data from the Special Sensor
for Ions Electrons and Scintillations (SSIES) and Special Sensor for
Magnetic Fields (SSM) instruments of DMSP satellites are used in
this study, with a temporal resolution of 1 s. SSIES consists of a
spherical Langmuir probe mounted on a 0.25-m boom to measure
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FIGURE 1
Ion drift velocity from the DMSP F16 satellite during 07:44–08:08 UT on 17 March 2015.

the temperature and density of ambient electrons, and three sensors
mounted in different directions on the same conductive plate plane.
The three sensors are (1) Ion Trap to measure the total ion density;
(2) Ion Drift Meter (IDM) to measure the horizontal (VH) and
vertical (VV) drift components of the plasma and the vertical orbit,
and (3) Retarding Potential Analyzer (RPA) to measure the ion
temperature and the plasma drift component along the orbit (VK).
Due to the high sensitivity of the velocity measurement along the
orbit and the uncertainty of the potential of the planar conductive
plate, theVKmeasured by the RPAusually has errors and is therefore
not used. In this study, the horizontal (VH) and vertical orbit plasma
drift component data with a time resolution of 1 s are used. SSM
samples 12 times per second.Thedata is stored as∆BX,∆BY and∆BZ,
where ∆B = Bmeans −BIGRF, which represents the difference between
the 1-s average value (Bmeans) of the magnetic field measurement
at the spacecraft’s location and the local International Geomagnetic
Reference Field (IGRF-13) value (BIGRF).The orthogonal coordinate
system takes the spacecraft’s center of mass as the origin, the X-axis
points to the lowest point of the spacecraft, the Y-axis points to the
velocity direction, and the Z-axis satisfies the right-hand rule.

The IMF, solar wind and geomagnetic activity index data with a
temporal resolution of 1 min are obtained from the OMNI (https://
omniweb.gsfc.nasa.gov/) website.

2.2 Calibration of the ion drift velocity

During analysis, we found that the horizontal drift speed of ions
in low- and mid-latitude regions (magnetic latitude around 45°)
reaches hundreds of meters per second.Theoretically, the horizontal
drift speed of ions in low- andmid-latitude regions should be close to
zero. We found that this is because the data used was not calibrated,
led to inaccurate identification of theConvectionReversal Boundary
(CRB). Therefore, we calibrate the data to remove the offset in the
original data.

We refer to the method of removing offset from DMSP satellite
data used by Hairston and Heelis [33, 34], Rich and Hairston [35],

and the method of removing data offset from Swarm satellite data
used by [36] and Lomidze et al. [37] to complete the calibration
of DMSP satellite ion horizontal drift velocity data. The specific
calibration method is as follows.

a) For each trajectory, the magnetic latitude of 45° is taken as
the start and end point of the trajectory. The median of the
ion horizontal drift velocity 30 s before and after the start and
end points is taken as the velocity deviation ∆v1 and ∆v2.
As shown in Equation 1:

∆v =median{v} (1)

b) If the velocity offset is too large, that is, ∆v > 0.25×
[max(v) −min(v)] , the data quality of this trajectory is
considered to be poor and this trajectory is discarded.

c) Distribute the velocity offset linearly over the entire trajectory
so that the ion horizontal drift velocity at the start and end
points is zero. The specific process is shown in Equations 2, 3.

δv =
∆v1(L0 − L1)

L0
+∆v2(1−

L0 − L1
L0
) (2)

vnew = v− δv (3)

Where δv represents the velocity offset of the linear distribution,
L0 represents the distance from the start point to the end point of
the trajectory, L1 represents the distance from the start point of the
trajectory to the present, and vnew represents the horizontal drift
velocity of the ion after removing the velocity offset.

Figure 1 is an example of ion horizontal drift velocity data
calibration. The figure shows the ion drift velocity of the DMSP
F16 satellite from 07:44 to 08:08 UT on 17 March 2015. The black
line is the data before calibration, and the blue line is the data
after calibration. We can see that there is an obvious offset in the
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FIGURE 2
Electric field variations observed by the DMSP F16 satellite from 07:45
UT to 08:07 UT on 17 March 2015. (a) Total electric field E calculated
based on the drift velocity of the F16 satellite; (b) Large-scale average
electric field EL obtained using a smoothing window of 5° MLat; (c)
The difference between the total electric field and the average electric
field, i.e., the small- and meso-scale electric field variability ES; (d) The
percentage of small- and meso-scale electric field variability in the
total electric field; The red dashed lines in the figure represent the
position of CRBs.

left boundary between the velocity before and after calibration,
which may cause errors in subsequent electric field calculations
unless removed.

2.3 Calculation of the small- and
meso-scale electromagnetic field
variability

In this paper, using the definitions of small- and meso-scales
from Sheng et al. [30] and Weimer [32], the range of 100–500 km is
defined as meso-scale, and the range less than 100 km is defined as
small-scale. And the electromagnetic variability determined in this
paper is based on a similar definition like Codrescu et al. in 1995.

The electric field is calculated using the calibrated ion drift
velocity data and the magnetic field data measured by the SSM
instrument according to the electric field calculation formula E =
−V ×B.Then a smoothing window size is set to smooth the electric

FIGURE 3
Magnetic field observed by DMSP F16 satellite from 07:45 UT to 08:07
UT on 17 March 2015. (a) Magnetic field ∆B obtained from F16 satellite
measurements; (b) Large-scale average magnetic field ∆BL using a
smoothing window of 5° MLat; (c) small- and meso-scale magnetic
field variability ∆BS; (d) Percentage of small- and meso-scale magnetic
field variability in the total magnetic field; The red dashed lines in the
figure represent the position of CRBs.

field and obtain the average large-scale electric field EL. Next, the
actual electric field E is subtracted from the average electric field
EL to obtain the small- and meso-scale electric field variability ES =
E−EL.

Figure 2 shows the electric field observed by the DMSP F16
satellite during 07:45 UT and 08:07 UT on 17 March 2015. Figure
(a) is the total electric field E calculated based on the drift velocity
of the F16 satellite ions, Figure (b) is the large-scale average electric
field EL obtained after smoothing with a 5° window, Figure (c) is
the corresponding small- andmeso-scale electric field variability ES,
and Figure (d) is the percentage of small- and meso-scale electric
field variability in the total electric field. The two red vertical lines
represent the Convection Reversal Boundaries (CRBs), which is
the location where the plasma changes its flow direction. It can
be seen fromFigure 2 that the electric field has an obvious variability,
which can be as large as 100%.

The magnetic field data is processed in the same way. A
smoothing window is set and the magnetic field is smoothed at
different scales to obtain the average large-scale magnetic field
∆ BL. Then, the difference between the actual magnetic field
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FIGURE 4
Electric field variations and corresponding results observed by the DMSP F16 satellite from 08:40 UT to 09:02 UT on 17 March 2015. From top to
bottom, from left to right, they are the total electric field, the average electric field smoothed with 5° magnetic latitude, the difference between the
total electric field and the average electric field, i.e., the small- and meso-scale electric field, the square of the total electric field, the square of the
average electric field, the difference between the square of the total electric field and the square of the average electric field, the percentage of the
small- and meso-scale electric field in the total electric field, and the percentage of the small- and meso-scale electric field influencing Joule heating.

∆B and the average magnetic field ∆ BL is used to obtain the
small- and meso-scale magnetic field variability ∆BS = ∆B−∆BL.
As shown in Figure 3, the magnetic field variations of the DMSP
F16 satellite during 07:45 UT and 08:07 UT on 17 March 2015.
Figure (a) is the magnetic field ∆B obtained from the F16 satellite
observation, Figure (b) is the large-scale average magnetic field ∆BL
obtained after smoothing with a 5° window, Figure (c) is the small-
and meso-scale magnetic field variability ∆BS, and Figure (d) is the
percentage of small- and meso-scale magnetic field variability in the
total magnetic field. In the time period shown in the figure, although
the maximum variability of the magnetic field can reach 100%, the
fluctuation amplitude is within 20% most of the time.

Then, the obtained electric field variability is used to calculate
the influence of small- and meso-scale electric field variability
on Poynting flux and Joule heating. For the high-latitude
upper atmosphere energy input, i.e., Poynting flux, it can be
rewritten as Equation 4:

S = 1
μ0
(E ×∆B) = 1

μ0
(EL ×∆B+ES ×∆B) (4)

Then the relative contribution of the small- and meso-scale
electric field variability to the Poynting flux is (ES ×∆B)/(E ×∆B).

If the case where the magnetic field also has small- and
meso-scale variability is considered, then the Equation 4 can be
rewritten as Equation 5:

S = 1
μ0
 (E ×∆B)

= 1
μ0
 (EL ×∆B+ES ×∆B) 

= 1
μ0
 (EL ×∆BL +EL ×∆BS +ES ×∆BL +ES ×∆BS) (5)

Then the relative contribution of the electromagnetic field
variability to the Poynting flux is (EL ×∆BS +ES ×∆BL +ES ×∆BS)/
(E ×∆B).

Similarly, for high latitude upper atmosphere energy dissipation,
i.e., Joule heating can be rewritten as Equation 6:

Q = σPE2 = σP(E2L + 2ELES +E
2
S) (6)

σP is the Pedersen conductivity, and the neutral winds are not
considered.

Therefore, the relative contribution of the electric field variability
to Joule heating can be calculated as (2ELES +E2S)/E

2.
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FIGURE 5
Magnetic field variations and corresponding results observed by the DMSP F16 satellite from 08:40 UT to 09:02 UT on 17 March 2015. From top to
bottom, from left to right, they are the total magnetic field (∆B), the average magnetic field smoothed with 5° magnetic latitude (∆BL), the difference
between the total magnetic field and the average magnetic field, i.e., the small- and meso-scale magnetic field (∆BS), the product of the total electric
field and the total magnetic field (E×∆B), the product of the large-scale electric field and the large-scale magnetic field (EL ×∆BL), the product of the
total electric field and the total magnetic field minus the product of the large-scale electric field and the large-scale magnetic field (E×∆B−EL ×∆BL),
the percentage of the s small- and meso-scale magnetic field in the total magnetic field (∆BS/∆B), and the percentage of the small- and meso-scale
electromagnetic field in the Poynting flux [(E×∆B−EL ×∆BL)/(E×∆B)].

3 Results

We selected the geomagnetic storm event that occurred from
March 16th to 20th, 2015 for a detailed study. During this period,
the lowest SYM-H index was around −240 nT. This storm period is
divided into three phases: the initial phase from 00:00 UT onMarch
16th to 04:48 UT on 17th, the main phase from 04:48 UT to 22:47
UT onMarch 17th and the recovery phase from 22:47 UT onMarch
17th to 00:00 UT on March 21st). The electric and magnetic field
variabilities are analyzed separately.TheDMSP satellite data are used
to calculate the electric field and set smoothing windows at different
scales of 5°,2.5°, 1°, 0.5°, 0.25°, 0.1° MLat to calculate the electric
and magnetic field variability at small- and meso-scales and study
to compute their impacts on the Poynting flux and the Joule heating
estimations.

Figures 4, 5 shows the results for the selected path of the DMSP
F16 satellite flying over the high latitudes of the northern hemisphere
during the main phase. Figure 4 shows the electric field variations
and corresponding results observed by the DMSP F16 satellite from
08:40 UT to 09:02 UT on 17 March 2015. From top to bottom and

from left to right, are the total electric field, the average electric
field smoothed with 5° magnetic latitude window, the difference
between the total electric field and the average electric field, i.e., the
small- and meso-scale electric field, the square of the total electric
field, the square of the average electric field, the difference between
the square of the total electric field and the square of the average
electric field, the percentage of the small- and meso-scale electric
field in the total electric field, and the percentage of the small- and
meso-scale electric field on Joule heating. It can be seen that there
are clear deviations from the average electric field with comparable
amplitudes, and should not be ignored. It can be further seen that its
influence on Joule heating cannot be ignored, and it can increase or
decrease Joule heating.

In this study, the Mean Absolute Percentage Error (MAPE) is
used to represent the average impact of small- and meso-scale fields
to a value in a certain duration, such as the electric field, magnetic
field, Joule heating or Poynting flux, as shown in Formula 7.

MAPE = 1
n

n

∑
i=1
|
yi − yi
yi
| × 100% (7)
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FIGURE 6
Spatial distribution of small- and meso-scale electromagnetic field variability during the main phase of the magnetic storm on 16 March 2015. The
green dots indicate the locations of CRBs. A smoothing window of 5° magnetic latitude is used. (a) ES/E (%) for northern hemisphere. (b) ∆BS/∆B (%) for
northern hemisphere. (c) ES/E (%) for southern hemisphere. (d) ∆BS/∆B (%) for southern hemisphere.
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FIGURE 7
Spatial distribution of the impact of small- and meso-scale electromagnetic field variability on Joule heating and Poynting flux during the magnetic
storm on 16 March 2015. The green dots indicate the locations of CRBs. A smoothing window of 5° magnetic latitude is used. (a) (E2-E2L)/E2 (%) for
northern hemisphere. (b) (E × ∆B-EL × ∆BL)/(E × ∆B) (%) for northern hemisphere. (c) (E2-E2L)/E

2 (%) for southern hemisphere. (d) (E × ∆B-EL × ∆BL)/
(E × ∆B) (%) for southern hemisphere.

where n is the number of data considered, yi is the original value, and
yi is the averaged or large-scale value. In this particular trajectory
during the main phase shown in Figure 4, theMAPE of electric field

is 44%, and that of Joule heating is also 44%.This result demonstrates
that the average contribution of the small- and meso-scale electric
field on Joule heating during this pass is non-negligible.
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TABLE 1 Statistical results of the polar cap and auroral zone during the main phase of the magnetic storm on 17 March 2015 (5° MLat
smoothing window).

ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

Polar cap 23.60 9.40 28.48 28.93

Auroral zone 31.51 24.21 51.74 41.54

TABLE 2 DMSP F16 satellite data results of the initial phase of the magnetic storm.

Window size ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

5° 48 15 53 53

2.5° 41 13 47 46

1° 37 11 40 38

0.5° 33 9 34 32

0.25° 22 8 28 25

0.1° 16 7 22 20

TABLE 3 DMSP F16 satellite data results of the main phase of the magnetic storm.

Window size ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

5° 35 18 46 43

2.5° 29 14 39 35

1° 25 10 31 28

0.5° 17 8 24 22

0.25° 13 6 19 17

0.1° 10 5 14 13

Figure 5 shows the magnetic field variations and corresponding
results observed by the DMSP F16 satellite from 08:40 UT to 09:02
UT on 17 March 2015. From top to bottom, from left to right
are the total magnetic field, the average magnetic field smoothed
with 5° MLat window, the difference between the total magnetic
field and the average magnetic field, i.e., the small- and meso-
scale magnetic field, the product of the total electric field and
the total magnetic field, the product of the total electric field and
the average magnetic field, the difference between the product
of the total electric field and the total magnetic field and the
product of the total electric field and the average magnetic field,
the percentage of the small- and meso-scale magnetic field in the
total magnetic field, and the percentage of the small- andmeso-scale
electromagnetic field on the Poynting flux. There is also variability
in the magnetic field, but the magnetic variability is not as large
as that of the electric field of the electric field. The magnetic field
variations relatively slow for most of the time at high latitudes.

On this trajectory, the MAPE of magnetic field is 9%, while that
of Poynting flux is 46%. The results indicate that the contribution
of the small- and meso-scale variabilities on the Poynting flux is
mainly caused by the electric field variability. For this particular
path during the stormmain phase, if the small- and meso-scale field
variabilities were ignored, Poynting flux would be underestimated
by almost 50%.

The spatial distribution of the electric field and magnetic field
variability observed by theDMSPF16 satellite during themain phase
of this magnetic storm, as well as the calculated spatial distribution
of Joule heating and Poynting flux are shown in Figures 6, 7
for the high-latitude regions. Compared with the electric field
variability, the magnetic field variability is relatively small, and the
spatial distribution of the Poynting flux is more consistent with
the spatial distribution of the electric field variability. The MAPE
of electric field during the main phase is around 35%, whereas
the that of magnetic field accounts for 18%. Also, the MAPEs of
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TABLE 4 DMSP F16 satellite data results of the recovery phase of the magnetic storm.

Window size ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

5° 38 12 49 43

2.5° 32 10 42 36

1° 24 7 34 28

0.5° 18 6 27 22

0.25° 13 5 20 16

0.1° 10 4 15 13

Joule heating and Joule heating are 46% and 43%, respectively. The
variabilities in the northern and southern hemispheres are similar,
as shown in Figures 6, 7. Therefore, the results demonstrate that
small- and meso-scale electromagnetic field variability should not
be ignored in the estimation of high-latitude energy input during
storm main phases.

The green dots in Figures 6, 7 indicate the locations of CRBs,
which can be used to illustrate the boundaries between open an
closed field lines, in another words, the boundaries between the
polar cap and the auroral zone. Only those paths with both CRBs
found are considered for the following statical studies. Table 1
demonstrates the statistical results in different regions over the
high-latitude regions. It can be seen that during the main
phase of this magnetic storm, the contribution of the small-
and meso-scale electromagnetic field variability in the auroral
zone is larger than that in the polar cap. That is, if only
the large-scale electromagnetic field were taken into account in
the estimation of high-latitude energy input, Joule heating and
Poynting flux would be underestimated by around 30% in the
polar cap region, whereas about 50% and 40% underestimation of
Joule heating and Poynting flux would occur, respectively, in the
auroral zones.

The DMSP F16 data are statistically analyzed according to
different magnetic storm phases, and the results are shown in
Tables 2–4. Table 2 is the result during the initial phase of the
magnetic storm from March 16 to 20, 2015, Table 3 is the result
during the main phase of this magnetic storm, and Table 4 is the
result during the recovery phase of this storm. It can be seen that
when the window is reduced from 5° step by step, the fraction
of previously neglected electric field variability decreases. During
the main phase, when the window size is reduced from 5° to
0.1°, the MAPE of small- and meso-scale electric field variability
is reduced from 35% to 10%, indicating that finer grids can
capture more small- and meso-scale variations. When the window
is reduced from 5° to 0.5°, the contribution of small- and meso-
scale electromagnetic fields to Joule heating and Poynting flux
variations are reduced from 46% to 24% and from 43% to 22%,
respectively, indicating that more energy is taken into account and
the neglected parts have been greatly reduced. Figure 8 is a graphical
representation of the data in Tables 2–4, which are the data of

the initial phase, main phase and recovery phase of the magnetic
storm from top to bottom. From Figure 8, when the smoothing
window is smaller, the effect of energy calculation is getting better,
and more small- and meso-scale electromagnetic field variabilities
are included in the calculation. When we use GCMs to simulate
the upper atmosphere, using higher-resolution grids as much as
possible can significantly improve the accuracy of the calculated
energy input.

Data from DMSP F16, F17, F18 and F19 satellites are also used
to conduct the same analysis for this magnetic storm event. The
results are shown in Tables 5–8. The results are similar the same for
these satellites, when the smoothing window is smaller, more small-
andmeso-scale electromagnetic field variabilities are included in the
calculation.

4 Discussion and conclusion

In this study, small- and meso-scale electomagnetic field are
determined and studied using high-resolution data from the DMSP
satellites. The results show that there are non-negligible small and
meso-scale electromagnetic field variability, and the magnitude of
these variabilities can be comparable to the large-scale average
electromagnetic field.

The geomagnetic storm event from March 16 to 20, 2015 is
selected to analyze the small- and meso-scale electromagnetic field
variability observed fromDMSPF16 satellite and their impact on the
high-latitude energy input.The fraction of the electric andmagnetic
field variability that was previously neglected decreased with the
decrease of the selected window size, that is, as the window size
continues to decrease, more small- and meso-scale electromagnetic
field variabilities are considered. Using a smoothing window size
of 5° MLat, the small- and meso-scale electric field variability can
account for 47% of the total electric field on average, whereas the
small- and meso-scale magnetic field variability accounts for about
15%of the totalmagnetic field.Therefore, the electric field variability
plays dominant role affecting the small- andmeso-scale variations of
Joule heating and Poynting flux. Since finer grids can capture more
small- and meso-scale variations, when the smoothing window
size gradually decreases from 5° to 0.1°, the MAPE of electric
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FIGURE 8
The percentage change of electric field, magnetic field, Joule heating
and Poynting flux as a function of window size during the magnetic
storm on 16 March 2015. (A) Initial phase of the magnetic storm; (B)
Main phase; (C) Recovery phase.

field variability gradually decreases from 47% to 14%, and that of
magnetic field decreases from 15% to 5%.The small- andmeso-scale
variabilities included in the estimation of Joule heating and Poynting

flux increase, and the ignored part of Joule heating in the calculation
has been reduced from 58% to 20%, and Poynting flux has been
reduced from 52% to 17%, respectively. For this particular storm
event, when the latitude grid size is 5° MLat and only the large-scale
electric and magnetic fields are taken into account, Joule heating
is underestimated by 58% and Poynting flux is underestimated
by 47%. This might be the reason why there are lack of high-
altitude energy input problems in GCMs driven by empirical high-
latitude models for storm events, and additional energy is applied
intentionally to simulate the correct atmospheric parameters. We
also extend the research to other DMSP satellites and find that
the conclusions from the four DMSP F16, 17, 18, F19 satellites
are consistent.

In addition, we compared the method of using an equal-length
window corresponding to 5° MLat with our method of using a 5°
MLat fixed-size smoothing window. Both methods yielded similar
results. The MAPE of the small- and meso-scale electric field for
the pass in Figure 2 was 48% for the fixed-size-window method and
43% for the equal-length window method, indicating no significant
impact on Poynting flux estimation.

The results from our study agree with previous studies. With
additional electric field variability taken into account, Codrescu
et al. [25] found Joule heating was significantly enhanced by nearly
100%. Matsuo et al. [23] found that the electric field variability can
be comparable to or even greater than the average electric field.
As a result, the electric field variability component may contribute
as much Joule heating as the average electric field. Codrescu and
Matsuo [26] studied the effects of polar-area electric field variability
on the thermosphere and ionosphere during geomagnetically quiet
periods, and found that the small-scale electric field variability led
to non-negligible Joule heating at high latitudes. The additional
energy input produced by the presence of the small- and meso-
scale variabilities have also been studied by Sheng et al. [30],
and the results demonstrated that multi-scale convection forcing
increases the regional Joule heating by ∼30% on average.The default
spatial resolution of TIEGCM is 5° × 5° (latitude × longitude),
and in the estimation of total heating energy, the Joule heating
term is multiplied by a factor of 1.5 to take into account the
heating due to small-scale electric field. Our research presented
in this paper provides further evidence for the critical role of
small-and meso-scale variabilities in the estimation of high-latitude
energy input.

In this study, we also discuss the question raised byWeimer [32]
using the simultaneous observations of electric and magnetic
fields to calculate the Poynting flux, in order to avoid the
problem of using uncertain conductivity. We find that the
meso- and small-scale electric field variability does contribute
a lot to the estimation of Joule heating and Poynting flux.
Therefore, it is very important to use high-resolution grids to
calculate the high-latitude energy input during the geomagnetic
storm events, otherwise it is necessary to compensate for
the impact of insufficient spatial resolution on energy input.
The research results will help improve the energy input of
high-latitude regions in the existing atmospheric circulation
model, thereby more accurately predicting the changes in
upper atmospheric parameters.
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TABLE 5 DMSP F16 satellite data results during the magnetic storm on 16 March 2015.

Window size ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

5° 47 15 58 52

2.5° 40 12 50 44

1° 31 9 41 35

0.5° 25 7 33 28

0.25° 19 6 26 22

0.1° 14 5 20 17

TABLE 6 DMSP F17 satellite data results during the magnetic storm on 16 March 2015.

Window size ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

5° 49 24 58 57

2.5° 42 18 51 48

1° 32 13 41 38

0.5° 26 10 34 30

0.25° 20 7 27 23

0.1° 15 5 21 17

TABLE 7 DMSP F18 satellite data results during the magnetic storm on 16 March 2015.

Window size ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

5° 53 18 62 60

2.5° 45 14 54 50

1° 35 10 44 39

0.5° 28 8 36 31

0.25° 21 6 29 24

0.1° 15 3 22 18

TABLE 8 DMSP F19 satellite data results during the magnetic storm on 16 March 2015.

Window size ES/E(%) ∆BS/∆B(%) Joule heating (%) Poynting flux (%)

5° 50 3 60 51

2.5° 42 3 51 43

1° 33 3 42 33

0.5° 26 3 34 26

0.25° 20 2 27 20

0.1° 15 2 21 15
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