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Abstract In this study, the electric field and the particle precipitation at different spatial scale sizes have
been investigated by utilizing the Dynamic Explorer 2 satellite data set, focusing on conditions of
moderately strong southward interplanetary magnetic field. Dynamic Explorer 2 data from the period
between 1981 and 1983, from all universal times, seasons, and both hemispheres, have been processed and
binned over geomagnetic latitude and local time. It is found that, as compared with the large-scale (>500 km)
average electric field and particle precipitation, the variabilities (i.e., departures from the large-scale
average) of electric field and particle precipitation are not negligible. Moreover, the electric field variability
tends to be anticorrelated with the particle precipitation variability in the auroral regions on small scale
and mesoscale (<500 km). The impacts associated with the small-scale and mesoscale electric field and
particle precipitation variabilities on Joule heating have also been addressed in this study by using the Global
Ionosphere and Thermosphere Model. It is found that although Joule heating can be significantly
enhanced by the small-scale and mesoscale electric field variabilities (~27% globally), the corresponding
change in the particle precipitation tends to depress such enhancement (�5% globally), which is not
negligible on the dusk side (up to�17.5% locally). It is the first time that the correlation between electric field
and particle precipitation variabilities on small scale and mesoscale has been quantified. Furthermore, the
impact on Joule heating associated with the correlation between the small-scale and mesoscale electric field
and particle precipitation variabilities has been evaluated unprecedentedly in a general circulation model.

Plain Language Summary At high latitudes, the electromagnetic energy from the magnetosphere
dissipates into Earth’s upper atmosphere, leading to both local and global changes. The accuracy of
numerical simulation of Earth’s upper atmosphere depends on the accuracy of the estimation of such energy
input or heating, which is always challenging. The heating is closely related with the ionospheric electric
field and precipitating particles from the magnetosphere. Part of the difficulty of determining the heating is
that the knowledge about their structures below the model resolution (i.e., small-scale and mesoscale
variabilities) is still limited, especially about their correlation. Therefore, it is still unclear to what extent such
correlation can impact the heating estimation. In this study, the correlation between small-scale and
mesoscale electric field and particle precipitation variabilities has been quantified for the first time by utilizing
satellite observations. Furthermore, the impact of small-scale and mesoscale variabilities and their
correlation on the heating estimation has been evaluated unprecedentedly using a general circulation
model. It is found that there can be a large localized overestimation of heating if the correlation between
small-scale and mesoscale electric field and particle precipitation variabilities is neglected. Our results can be
useful for the improvement of numerical models of Earth’s upper atmosphere and important for
magnetosphere-ionosphere coupling studies.

1. Introduction

Earth’s ionosphere and thermosphere at high latitudes are closely coupled with the magnetosphere. The
field-aligned currents (e.g., McGranaghan et al., 2017, and references therein) are closed by the ionospheric
currents, transferring the electromagnetic energy from the magnetosphere to the ionosphere-thermosphere
(I/T) system. Under static conditions and on global scales, the primary sink of the magnetospheric
electromagnetic energy is Joule heating (Lu et al., 1995; Thayer et al., 1995), which can result in the global
alteration of the I/T system during geomagnetic storms (Prölss, 1995). Therefore, an accurate estimation of
Joule heating is necessary to improve the accuracy of the I/T system simulation (Pedatella et al., 2018).
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The Joule heating deposition rate (QJ) can be expressed as (Lu et al., 1995):

QJ ¼ σp Eþ Un�Bð Þ2 (1)

Here σp is the Pedersen conductivity, which is dominated by the solar irradiation on the dayside and the
particle precipitation on the nightside (Wallis & Budzinski, 1981). E, Un are the electric field and neutral wind
speed in the Earth’s reference frame, respectively, and B is the geomagnetic main field. Clearly, the specifica-
tions of the particle precipitation, electric field and neutral wind are critical for the estimation of Joule
heating. In this study, the specifications of the particle precipitation and electric field and their impacts on
Joule heating are the main focuses.

In a general circulation model (GCM), the high-latitude electric field and particle precipitation are typically
specified by empirical models (e.g., Fuller-Rowell & Evans, 1987; Heelis et al., 1982; Newell et al., 2009;
Weimer, 2005; Zhang & Paxton, 2008) or through data assimilation techniques, such as the Assimilative
Mapping of Ionospheric Electrodynamics procedure (Richmond & Kamide, 1988). However, Joule heating is
usually found to be largely underestimated in GCMs when using those models to specify the high-latitude
electrodynamics in GCMs (e.g., Codrescu et al., 1995; Emery et al., 1999), which is likely to be associated with
the fact that those models only provide the average patterns of forcings on the large spatial scale but fail to
capture the variabilities (i.e., their deviations from large-scale average patterns) on smaller scales. Another
potential reason might be related to inadequate modeling of the wind in GCMs. The importance of the
neutral wind to Joule heating has been investigated in previous studies (e.g., Billett et al., 2018; Lu et al.,
1995, and references therein). It has been found that neutral wind outputs of a GCM are likely to be closer
to observations at a certain location and certain period by using a potential pattern derived from ground-
based radars than those by using empirical models (e.g., Wu et al., 2015). However, investigation of the
accuracy of the wind in GCMs is beyond the scope of this study.

Codrescu et al. (1995) first pointed out that the neglect of the electric field variability may lead to significant
underestimation of Joule heating. Since then, great efforts have been made to investigate the patterns of
electric field variabilities on different scales under different conditions utilizing both satellite and ground-
based radar observations (e.g., Abel et al., 2009; Codrescu et al., 2000; Cosgrove & Thayer, 2006; Cousins
et al., 2013; Cousins & Shepherd, 2012a, 2012b; Golovchanskaya et al., 2002; Johnson & Heelis, 2005;
Matsuo et al., 2002, 2003, 2005; Matsuo & Richmond, 2008). The impacts on the I/T system associated with
the electric field variability have been further studied by GCM simulations (e.g., Codrescu et al., 2008; Deng
et al., 2009; Matsuo & Richmond, 2008). For example, Deng et al. (2009) implemented both the large-scale
convection pattern and the electric field variability from the empirical model based on the Dynamic
Explorer 2 (DE-2) satellite measurements into the National Center for Atmosphere Research Thermosphere
Ionosphere Electrodynamics GCM (NCAR-TIEGCM). Their results showed that, after adding the electric field
variability, Joule heating underwent a substantial enhancement and became more consistent with the
Poynting flux derived from the DE-2 data set, which represents the total electromagnetic energy input from
the magnetosphere.

The conductivity (of which the height integral gives the conductance) also displays variabilities on different
scales, which are related to the particle precipitation variabilities (e.g., McGranaghan et al., 2015, 2016a,
2016b). In particular, the structures with intense particle precipitation at small-scale and mesoscale sizes
are typically not captured by the statistical models (e.g., Zhang & Paxton, 2008). Furthermore, it has been
found that the electric field is anticorrelated with the particle precipitation in small-scale andmesoscale struc-
tures, which can cause a remarkable reduction in Joule heating (e.g., Baker et al., 2004; Evans et al., 1977). To
date, however, the small-scale and mesoscale variabilities in the particle precipitation has typically been
ignored in GCM studies, since knowledge about distributions of the small-scale and mesoscale particle
precipitation variabilities and their relationship to the small-scale and mesoscale electric field variabilities
at different locations and under different solar wind conditions is still lacking. Therefore, it is still unclear
whether and to what degree the correlation between the small-scale andmesoscale electric field and particle
precipitation variabilities can impact the I/T system in general.

The objective of this study is to investigate the distribution of the small-scale and mesoscale particle
precipitation variabilities and to quantify their correlations with the small-scale and mesoscale electric field
variabilities at high latitudes in a statistical sense. Furthermore, we attempt to assess to what extent the
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Joule heating can be affected by the small-scale and mesoscale variabilities in the electric field and the
particle precipitation. These objectives are accomplished by the combination of the DE-2 data analysis and
GCM simulations. To our knowledge, this is the first time that global distributions of the correlation between
electric field and particle precipitation at different scale sizes are quantified. Moreover, it is the first time that
the effects of the correlation between the small-scale and mesoscale electric field and particle precipitation
variabilities on the I/T system have been quantitatively evaluated in GCMs. In the next section, we will briefly
introduce the data and model used in this study. The results will be presented in the third section, and the
final section is the summary of the primary findings.

2. Data and Model

In this study, simultaneous electric field and particle precipitation measurements from the DE-2 satellite dur-
ing September 1981 to February 1983 are utilized to quantify the distributions of the high-latitude electric
field and particle precipitation and their correlation. DE-2 was a polar-orbiting satellite at the altitudes
roughly between 300 and 1,000 km with an orbital period of 98 min (i.e., the velocity of DE2 is ~8 km/s).
DE-2 precessed through all local time sectors once per year, producing a data set with relatively good local
time coverage but poor separation of local time and seasonal variations. The temporal resolution of the data
set used in this study is 1 s; therefore, the spatial resolution of the DE-2 measurement is ~8 km.

DE-2 measured the along-track and the cross-track ion drifts, which were taken by the Retarding Potential
Analyzer (Hanson et al., 1981) and the Ion Drift Meter (Heelis et al., 1981), respectively. The bulk ion drift vec-
tor (V) is the combination of those two components and provides the electric field according to E = � V × B0.
Here B0 is the geomagnetic main field from the International Geomagnetic Reference Field model. The elec-
tric field is decomposed in modified apex coordinates (Richmond, 1995) according to the following formula:

E ¼ Ed1·d1 þ Ed2·d2 (2)

Here Ed1 and Ed2 represent the magnetic eastward and northward components of electric field, respectively,
which are constant along the same geomagnetic field line, while d1 and d2 are the base vectors at magnetic
eastward and northward directions, respectively, at the satellite height. Then the mapped electric field at
110 km can be obtained according to equation (2) by using d1 and d2 along same geomagnetic field line
and at the altitude of 110 km, and its magnitude (|E|) can be computed. The electric field intensity mentioned
in the remaining part refers to the intensity of electric field at 110 km. More details involving modified apex
coordinates and the decomposition procedure can be found in Richmond (1995).

The particle precipitation measurements on DE-2 were taken by the Low-Altitude Plasma Instrument
(Winningham et al., 1981). Low-Altitude Plasma Instrument provides the differential particle energy flux on
different energy channels for both the electron and the ion ranging from 5 eV to 32 keV. The total particle
energy flux (ΦE) is determined by integrating the differential particle energy flux over different energy
channels and multiplying by the factor of π if the downward differential particle energy flux is assumed to
be isotropic. For a steady state isotropic flux without field-aligned electric field, the particle power per unit
area is constant along the geomagnetic field. In this study, we specifically focus on the total energy flux of
electron precipitation.

In addition to the DE-2 data, interplanetary magnetic field (IMF) data are used in order to investigate the
distributions of the high-latitude electric field and particle precipitation and their correlations under specific
IMF conditions. Two parameters are used to categorize the IMF condition: (1) IMF transverse component
magnitude Bt, which represents the strength of the IMF projection onto the Geocentric-Solar-

Magnetospheric (GSM) Y-Z plane, that is, Bt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
y þ B2

z

q
; (2) IMF clock angle (θ), which stands for the angle

between GSM north and the IMF projection onto the GSM Y-Z plane and is given by θ = arctan (By/Bz). The
IMF data used here are the hourly averaged data based on the Interplanetary Monitoring Platform 8 and
International Sun-Earth Explorer 3 satellite measurements.

The model used in this study is the Global Ionosphere and Thermosphere Model (GITM), which is a three-
dimensional spherical model for the Earth’s thermosphere and ionosphere system (Ridley et al., 2006). It
solves density, velocity, and temperature of neutrals, ions, and electron self-consistently. Besides, it has
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flexible options for the grid size. Furthermore, one of the distinct differences of GITM from other GCMs is that
it relaxes the hydrostatic assumption so that it can capture acoustic waves (e.g., Deng et al., 2008, 2011; Lin
et al., 2017; Zhu et al., 2017). More details about GITM can be found in Ridley et al. (2006).

One important step for the simulation work in this study is to estimate Joule heating in GITM by using equa-
tion (1). The electric field and particle precipitation in GITM are specified from the statistical analysis of DE-2
data in this study. The ionization rate due to the particle precipitation can be calculated by using the formu-
lation described by Frahm et al. (1997) and the partitioning of ionization rates among O+, O2

+, and N2
+

described in Rees (1989). The ionization due to the solar radiation in GITM can be specified by chemical reac-
tions in Rees (1989) or Torr et al. (1979). With these information, the electron density is calculated from the
continuity equation and the conductivity is calculated using the electron density, magnetic field and
collision frequencies.

3. Results and Discussion
3.1. Electric Field and Particle Precipitation on Different Scales

In order to extract the small-scale and mesoscale spatial variabilities from the electric field as well as the par-
ticle precipitation observations, a 500-km moving window is applied on the data along each pole-pass track.
It is worth noting that the satellite measurement involves both spatial and temporal variations. However, if it
is assumed that structures the satellite encounters are stationary for a short period (~1–2 min), the time series
data from the satellite can be converted to spatial data by using the speed of the satellite (Chen & Heelis,
2018). Since DE-2 travels 500 km in ~63 s, we believe that most of the variabilities extracted by the 500-km
moving window are spatial variability below 500 km. One example using the moving window is shown in
Figure 1. For the left column, the black lines indicate the derived quantities (Ed1, Ed2, electric field intensity,
and particle energy flux, top to bottom) from the electric field and particle precipitation measurements.
The red line in each plot indicates the smoothed result for the corresponding quantity after applying the
500-kmmoving window, which represents the large-scale structure of that quantity. The differences between
the red and the black lines in each plot are referred to as the small-scale and mesoscale variabilities of the

Figure 1. (left): Observations (black) and large-scale structures (red, which are averages in a 500-km moving window) of
(a) magnetic eastward (Ed1) and (b) equatorward (Ed2) components of the electric field, (c) the electric field intensity,
and (d) the particle energy flux along one track on Day 303, 1982; (right) small-scale and mesoscale variabilities (which are
residuals after subtracting the average from the observation) of corresponding parameters shown in the left column.
The UT is in the format of HHMMSS. MLAT = magnetic latitude; MLT = magnetic local time.
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corresponding quantity, which are shown in the right column. It is worth noting that the small-scale and
mesoscale variabilities represent variabilities at the scale size smaller than 500 km. Different choices of the
moving window size may lead to slightly different results. However, due to the limitation of the available
data, we noted that a roughly 500-km by 500-km bin size helps to maintain enough data points in most
bins and to ensure the statistical significance. Therefore, the 500-km sliding window is utilized in this study.

The quantities shown in Figure 1 are then binned as a function of magnetic local time (MLT) and magnetic
latitude (MLAT). The bin size is chosen to be 5° in MLAT and variable size in MLT (0.64 hr at 62.5° MLAT
and 2.25 hr at 82.5° MLAT, i.e., ~500 km along MLT) to keep a roughly constant area at different latitudes.
For this study, we focus on the case where the IMF Bt is between 4 and 10 nT and the IMF clock angle is
between 135° and 225°, when both the electric field and particle precipitation are fairly strong. It is worth not-
ing here that by including all data under such IMF conditions, the variability due to the IMF By component has
also been included; the IMF By component is a strong driver of variability (e.g., Cousins et al., 2013). The data
from both hemispheres and all seasons are combined in order to have a reasonable data coverage. Figure 2
displays the binning results for the electric field intensity (|E|) and the particle energy flux (ΦE). The averages
of the large-scale electric field intensity and particle energy flux are calculated in each bin and their distribu-
tions are shown in the first column of Figure 2. Clearly, the patterns shown in the first column are similar to
the patterns from empirical models (e.g., Weimer, 2005; Fuller-Rowell & Evans, 1987; Newell et al., 2009). The
second column exhibits the distributions of the standard deviation of the large-scale electric field intensity
and particle energy flux in each bin. The standard deviation of large-scale quantity primarily reflects varia-
tions in the solar wind condition. In addition, seasonal variations and hemispherical asymmetry may also con-
tribute to the standard deviations. Clearly, the standard deviations of large-scale electric field intensity and
particle energy flux are not negligible, yet they are generally smaller than the mean fields except for the par-
ticle energy flux in the evening sector. We note that the standard deviations of the large-scale quantities
would be reduced if there were sufficient data for subdividing the case into more specific conditions with
respect to the IMF, season, and hemisphere, since the variability represented by these conditions adds to
the large-scale standard deviations shown in the second column. The third and fourth columns show the
averages and the standard deviations of small-scale and mesoscale electric field intensity and the particle
energy flux variabilities, respectively. Unlike what is shown on large scale, the averages of the small-scale

Figure 2. (top) The distributions of the mean and standard deviations of the (a and b) large-scale electric field intensity and (c and d) small-scale and mesoscale
variabilities of electric field intensity; (bottom) the distributions of the mean and standard deviations of the (e and f) large-scale particle energy flux and
(g and h) small-scale andmesoscale variabilities of particle energy flux under the condition when IMF clock angle is between 135° and 225°, and IMF Bt ranges from 4
to 10 nT. All plots are presented as a function of MLAT and MLT. MLAT = magnetic latitude; MLT = magnetic local time; IMF = interplanetary magnetic field.
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and mesoscale variabilities are close to zero since the subtraction of the moving average tends to leave
residuals with means near zero. On the other hand, the standard deviation of the small-scale and
mesoscale electric field intensity variabilities are generally 10~15 mV/m at 60–75° MLAT, which are
comparable to the standard deviation of the large-scale electric field intensity. As for the particle
precipitation, there is a distinct peak in the standard deviation of the small-scale and mesoscale particle
energy flux variabilities in the evening, which may account for the intense aurora structures at scale sizes
of tens to a few hundreds of kilometers that cannot be resolved by a 500-km sliding window.

The linear correlations between the large-scale electric field intensity and particle energy flux and between
small-scale andmesoscale variabilities of electric field intensity and particle energy flux are calculated in each
bin, and distributions of the coefficient distributions are presented in Figures 3a and 3b, respectively. Here
only the correlation coefficients in the bins where the number of trajectories passing through that bin is
greater than four and the number of data points is larger than 200 are kept; otherwise, they are set to be zero
(gray shaded areas, which indicate the data are not sufficient). It is clear that the pattern shown in Figure 3a is
more complicated than that shown in Figure 3b. More specifically, for the large-scale electric field intensity
and particle precipitation, Figure 3a indicates that a positive correlation occurs mostly on the dawnside,
whereas an anticorrelation occurs mostly in the early evening sector as well as around noon and midnight.
In contrast, the electric field intensity variability tends to be anticorrelated with the particle energy flux varia-
bility in general at small scale and mesoscale.

The field-aligned currents are closed by the ionospheric currents which are related to the electric field and the
conductance in the ionosphere, and the conductance is strongly influenced by the particle precipitation at
night. The correlation between the electric field intensity and the particle energy flux shown in Figure 3 there-
fore may be helpful to answer the question whether the magnetosphere tends to act as a current generator
or a voltage generator in magnetosphere-ionosphere system on different scales, especially in the aurora
region. Evidently, Figure 3b shows a consistent anticorrelation between the electric field intensity and parti-
cle energy flux variabilities in the aurora region at small scale and mesoscale, indicating that the magneto-
sphere tends to behave as a current generator at those scales in the aurora region, which is consistent
with previous findings (e.g., Lysak, 1985; Vickrey et al., 1986). On large scale, it is clear that the electric field
intensity tends to be positively correlated with the particle energy flux on the morning side. This may result
from variability of the low-latitude boundary of the auroral oval, with increases in both precipitation and the
electric field at a given location near the boundary as the boundary moves equatorward. However, the elec-
tric field intensity appears to be anticorrelated with the particle energy flux in the evening, which is different
from the theoretical prediction in Lysak (1985). It has been known that the type of the magnetospheric gen-
erator depends on the solar wind conditions. Recently, Weimer et al. (2017) found that the magnetosphere
probably acts as a current source on large scale when the interplanetary electric field is large. Since the

Figure 3. The distributions of the linear correlation coefficient (a) between the large-scale electric field intensity and
particle energy flux and (b) between small-scale and mesoscale variabilities of electric field intensity and particle energy
flux when IMF clock angle is between 135° and 225°, and IMF Bt ranges from 4 to 10 nT. All plots are presented as a function
of MLAT andMLT. The gray shaded areas represent bins without sufficient data. MLAT =magnetic latitude; MLT =magnetic
local time; IMF = interplanetary magnetic field.

10.1029/2018JA025771Journal of Geophysical Research: Space Physics

ZHU ET AL. 9867



interplanetary electric field intensity has not been taken into account in the binning process, it is likely that
some observations were taken when the interplanetary electric field was fairly large. Therefore, the data
trend may have been strongly influenced by those observations. Larger data sets for the ionospheric
electric field and the particle precipitation as well as better specification of the solar wind conditions may
be helpful to extend the analysis.

In general, the DE-2 data provides similar large-scale average patterns of the electric field and the particle pre-
cipitation as the empirical models. However, the large-scale patterns overlook the considerable variabilities.
Furthermore, the electric field intensity variability tends to be anticorrelated with the particle energy flux
variability at small scale andmesoscale. The remaining question is to what degree the small-scale andmesos-
cale variabilities in the electric field and the particle precipitation can contribute to the Joule heating. In the
following subsection, we will address this question by implementing the distributions of electric field and
particle precipitation and their correlations from statistical analysis of DE-2 data in GITM.

3.2. Impacts of the Small-Scale and Mesoscale Variabilities on Joule Heating

To highlight the importance of the small-scale and mesoscale electric field and particle precipitation variabil-
ities on Joule heating, three GITM runs have been carried out in this study. Specifically, Run 1 is a reference
run, where only the averages as well as their variabilities of electric field and particle precipitation on large
scale are included. Run 2 is based on Run 1 but also includes the small-scale and mesoscale electric field vari-
abilities. Run 3 has same specifications as Run 2 except that the small-scale and mesoscale particle precipita-
tion variations are further included. Table 1 serves as a summary of simulations we have conducted and
detailed descriptions of each run will be discussed in following paragraphs. The spatial resolution for all simu-
lations is 5° in longitude by 5° latitude and 1/3 scale height in the altitude. The temporal resolution is 2 s. All
simulations are conducted under high solar activity (F10.7 = 150 sfu) and at the September equinox. In addi-
tion, a 24-hr prerun (00:00:00, 22 September 2002 to 00:00:00, 23 September 2002) has been carried out, so
that the neutral dynamics in GITM reach a steady state when simulations are conducted.

In Run 1, the large-scale average electric field (both Ed1 and Ed2 components) and particle precipitation pat-
terns from DE-2 data are included in GITM. On top of that, the large-scale electric field and particle precipita-
tion variabilities are also included. To include the large-scale electric field variability, a similar methodology as
used in Deng et al. (2009) is adopted here. At each time step, superimposed on the average electric field, the
variable electric field, which is constructed by the standard deviations of large-scale Ed1 and Ed2 components,
is introduced at each grid point and its sign is flipped every 2min. This procedure effectively assumes that the
variable electric field changes rapidly enough that the wind cannot respond to it and that the two are uncor-
related, although this may not be true in reality. For example, contributions to the electric-field variability due
to seasonal changesmay have long-lasting components that could affect the wind and produce a correlation.
We neglect such effects. Meanwhile, in order to include the large-scale particle precipitation variability
according to its correlation with the large-scale electric field variability, the best-fit line, which is used to cal-
culate the linear correlation between the large-scale electric field intensity and particle energy flux shown in
Figure 3a, has been implemented in GITM. Our approach is to calculate the modification in the electric field
intensity due to the inclusion of the large-scale electric field variability at each grid point first; then by using
the best-fit line, the corresponding change in the particle energy flux can be obtained. The modified particle
energy flux induces the change in the conductivity. Both modified electric field and conductivity have been

Table 1
Summary of Simulations Conducted in This Study

Run
Average
fields

Large-scale variability Small-scale and mesoscale variability

Electric field Particle precipitation Electric field Particle precipitation

1 ✓ ✓ ✓ — —
2 ✓ ✓ ✓ ✓ —
3 ✓ ✓ ✓ ✓ ✓

Note. The check mark indicates the corresponding quantity is included in the Global Ionosphere and Thermosphere
Model, while the dashed line indicates that the corresponding quantity is not included in the Global Ionosphere and
Thermosphere Model. Detailed descriptions can be found in text.
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used to calculate Joule heating. It is effectively assumed that the variability of the particle precipitation is not
correlated with the variability of the wind when calculating Joule heating, although this assumption might
not be valid under certain circumstances (e.g., Zou et al., 2018). Figure 4a shows the 4-min average of
height-integrated Joule heating from Run 1.

On the basis of Run 1, the small-scale and mesoscale electric field variabilities are further included in Run 2 to
assess its impact on the Joule heating. Similar to the way to include the large-scale electric field variability, the
standard deviations of variabilities of small-scale andmesoscale Ed1 and Ed2 components in each bin are used
to construct the small-scale and mesoscale variable electric field introduced into GITM, with the flip cadence
of 1 min. Here the different choice of flip cadence for the small-scale and mesoscale variable electric field
from that for the large-scale variable electric field is based on the assumption that electric field variabilities
are not correlated across different scale sizes. Run 2 uses the same particle precipitation as Run 1. Figure 4b
shows the 4-min average of the Joule heating from Run 2. It is seen that there is a ~27% enhancement in
the hemispheric integrated Joule heating after including the small-scale and mesoscale electric field
variabilities as compared with the Joule heating in Run 1 (Figure 4a). Combining the results shown in
Figures 4a and 4b together, it is clear that the small-scale and mesoscale electric field variabilities play
significant roles in accurately specifying the Joule heating (Codrescu et al., 1995).

Figure 4. (a) Height-integrated Joule heating for the case without small-scale and mesoscale (SMS) variabilities (Run 1); (b) height-integrated Joule heating for the
case including the small-scale and mesoscale electric field variability (Run 2); (c) height-integrated Joule heating for the case including the small-scale and
mesoscale variabilities in both electric field and particle precipitation and the correlation between them has been considered (Run 3), and Figures 4a–4c represent
the 4-min average of Joule heating outputs between 00:08:00 and 00:12:00, 23 September 2002; (d) percentage difference between Runs 2 and 3. The
hemispherical-integrated heating is labeled at the bottom right of Figures 4a–4c. All plots are presented in geographic coordinates.
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To assess the potential impact on Joule heating associated with the small-scale and mesoscale particle pre-
cipitation variations, the small-scale and mesoscale particle precipitation variabilities has been introduced
into Run 3 on the basis of Run 2, and the approach is similar to that of including the large-scale particle pre-
cipitation variability. For each grid point and at each time step, the change of the electric field magnitude due
to the inclusion of the small-scale and mesoscale electric field variabilities is calculated. Then by utilizing the
best-fit lines, which are used to obtain the linear correlation coefficient distribution in Figure 3b, the modifi-
cation of the particle energy flux at each grid point is obtained. Thus, the corresponding change in conduc-
tivity can be calculated in GITM. The modified electric field and conductivity are utilized to calculate Joule
heating. It is assumed that the variabilities of the electric field at different scales are uncorrelated and that
the variabilities of the particle precipitation at different scales are uncorrelated, so that the correlations
between the electric field and particle precipitation variabilities can be treated separately for the large-scale
component and small-scale and mesoscale components. The possible importance of non-linear correlations
between the electric field and particle precipitation are also neglected, which probably deserves to be
addressed in the future work. The 4-min averaged height-integrated Joule heating is presented in Figure 4c.
Comparing with Run 2 (Figure 4b), the total Joule heating in the whole hemisphere undergoes approximately
10 GW (5%) reduction in Run 3. Moreover, the distribution of Joule heating percentage change of Run 3
relative to Run 2, as shown in Figure 4d, evidently shows that the local reduction of Joule heating can reach
up to ~17.5% on the dusk side, indicating that the anticorrelation between the small-scale and mesoscale
electric field and particle precipitation variabilities cannot be neglected, especially locally, for the calculation
of Joule heating.

4. Summary

In this study, we have investigated the averages and variabilities of the electric field and particle precipitation
at different spatial scale sizes for the case of dominant southward IMF Bz. In addition, the impacts on Joule
heating associated with the small-scale and mesoscale electric field and particle precipitation variabilities
have been assessed in GITM. It is the first time that the correlation between the electric field and the particle
precipitation variabilities at small scale and mesoscale has been quantified. Furthermore, the impact on Joule
heating associated with the correlation between the small-scale and mesoscale electric field and particle
precipitation variabilities has been quantitatively evaluated in GCM unprecedentedly. The primary findings
are summarized as follows:

1. The variabilities of electric field and particle precipitation are not negligible as compared with the large-
scale average electric field and particle precipitation.

2. The electric field intensity variability tends to be anticorrelated with the particle energy flux variability at
small scale andmesoscale under southward IMF conditions, indicating that the magnetosphere is likely to
behave as a current generator at those scales.

3. Although Joule heating can be significantly elevated by the small-scale and mesoscale electric field varia-
bility (~27% globally), the corresponding change in the particle precipitation tends to depress such
enhancement (~�5% globally) due to the anticorrelation between the small-scale and mesoscale electric
field and particle precipitation variabilities. The localized reduction can reach ~17.5% on the dusk side,
suggesting that the impact of the anticorrelation between the small-scale and mesoscale electric field
and particle precipitation variabilities on Joule heating is not negligible there.
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