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2. Objectives:

Proposed mission-specified tasks:
• Refinement of the constellation configuration and mission requirements.

• Virtual satellites in GITM simulations
• Specification of multi-scale forcing and I-T variations  

• Calibration, validation, and verification.
• Cal/Val via Incoherent Scatter Radars
• Verification with ASI, SuperDARN, GNSS TEC, FPI, and other observations

• Data products
• Joule heating & ionospheric conductance

Proposed IDS-specific tasks:
• Development of analysis techniques and tools: generate 2-D TEC map using machine 

learning, estimate neutral wind acceleration from observations, generate particle 
precipitation and local ion-convection maps from ground-based data, improve ISR 
ionospheric models.

• Enhancements of GITM model: upgrade grid, enhance forcing specification, include 
mesoscale; couple with ASHLEY, SWMF, and ground-based observations, enable 
transition models to operational use. 



3.1 Technical Approach: IDS-specific tasks

cut out the uncertainties introduced by the white light cameras, which require conversion to color.
The same techniques to convert to eflux and average energy that we currently use will still be
applicable to the new dataset. Furthermore, these datasets can be used after launch to supplement
GDC observations in order to address GDC science goals. Duration, orientation, and auroral arc
width are useful parameters that both white light and color ASIs can provide to complement in-situ
observations.

Figure 8: Ion-neutral coupling during April 2010
substorm. (a) AU and AL, (b) ASI keogram, (c)
PFISR plasma density, (d) neutral-ion collision time
scale, (e) eastward and (f) equatorward plasma drift,
and (g) eastward and (h) equatorward neutral wind.
The dashed lines in panels (g) and (h) show wind
observations during a quiet day for a reference
[Nishimura et al., 2021].

(3) Ion-neutral coupling analysis tool:
The understanding of ion-neutral coupling is
critical to enable the GDC mission to meet
the science objective 1.1 (to determine how
high-latitude plasma convection and auro-
ral precipitation drive thermospheric neutral
winds). A related analysis tool has been de-
veloped to examine the ion-neutral coupling
time scale through combining different obser-
vations [Nishimura et al., 2021]. The wind ac-
celeration time-scale by ion drag can be cal-
culated as the inverse of collision frequency,
which can be obtained using the ionospheric
parameters from the ISRs, concurrent neutral
velocity from FPIs and other neutral parame-
ters from the MSIS model. As shown in Fig-
ure 8d, the neutral-ion collision time scale is
strongly reduced from >3 hours in quiet time to
30 mins during a substorm event, which is con-
sistent with the wind response time shown in
Figure 8e-f. This study indicates that neutral-
ion collision time scale can be a very useful
parameter to describe how effectively the ion
drag force impacts the neutral wind and how
quickly neutral wind responds to the change
of high-latitude electrodynamic forcing. In
this project, in order to further improve this
analysis tool, a comprehensive examination of
neutral-ion collision time scale during differ-
ent events at different locations will be con-
ducted. The methodology will also be extended
to other LEO satellite observations in the F-

region ionosphere. We can replace the neutral parameters from MSIS with those from GITM to
include more dynamical change of neutral species at multiple scales. This will provide necessary
preparation for the transition of the analysis tool to the GDC observations. GDC observations will
possibly provide parameters for direct estimation of the ion drag force and neutral-ion collision
time scale. The estimation can be validated by the ground-based observations, which have advan-
tage of measuring time history of the plasma and neutral velocities. Meanwhile, the ground-based
observations are complementary to the GDC observations by filling gaps between GDC satellite
revisits and by providing altitude dependence of the ion drag time scale.
Impact on the GDC mission development:
1. Improving SNP-GAN by including the time-dependent information will enhance the data prod-
ucts from SNP-GAN (mission-specified task 4) ;
2. The high-resolution auroral information is important to define the spatial and temporal resolu-
tions necessary for GDC to resolve precipitation structures (mission-specified task 1);

14

Figure 5: (left) SuperDARN high-resolution ion flow vector map during March, 2014 event and (right) the
corresponding perturbation in vertical (color) and horizontal neutral winds (vector) caused by the meso-scale
ion convection structures from GITM simulations [Sheng et al., 2020].

with different setups, such as with or without meso-scale forcing and soft electron precipitation.
Further, the global context of those observations (i.e., the magnetosphere-ionosphere-thermosphere
dynamics driving the orbit-local conditions) will be produced. These values will be used to ex-
plore and exemplify the capabilities of the GDC mission to detect features at different scales and
processes under different conditions. The limitations of the instrumentation and orbit will be ex-
amined. A critical output for this effort will be virtual satellites: the numerical solution from the
models extracted along a given orbit, as shown in Figure 3. Virtual satellites have been used to
great effect for data-model comparisons and for simulating specific observations. During Phases
A-D, we will cooperate with the GDC team to enhance the virtual satellites by imposing instru-
ment observational constrains (e.g., look angle, sampling frequency, etc.) to better simulate what
GDC can and cannot observe. Simulation results for real events will be compared to observations
from other LEO missions (e.g., Swarm and C/NOFS) for model validation purposes. Simulation
configuration will be iteratively changed to best match observations and improve forecasts at GDC
locations.

(1) High-resolution electrodynamic forcing: DRM mentioned six different sampling scales,
especially the local-fast (LF) scale, which will be sampled almost in all phases (phase 1a-3b)
during the 36-month DRM. LF scale covers the spatial scale in 300-2000 km and temporal scale in
0.5-3 minutes. The sampling of observations in the LF scale is critical to address the GDC science
objectives. However, the current specification of the electrodynamic forcing at this scale is quite
insufficient for modeling. It is typically not included in the empirical models and has a limited
representation in the data assimilation models. In order to figure out what is the most efficient
sampling frequency in the LF scale range and appropriate longitudinal separation to resolve the
transient meso-scale phenomena, GITM will be driven by different specifications of high-latitude
electrodynamic forcing.

As shown in Figure 5, recently GITM simulations driven by high-resolution SuperDARN
(HRSD) map demonstrates that the inclusion of the high-resolution ion flows in the global con-
vection map changes the neutral wind response by ⇠100 m/s in horizontal direction and 20 m/s
in vertical direction (Sheng et al. 2020). The results imply that the meso-scale ion flow plays
a critical role in the ion-neutral coupling. In this project, the HRSD maps used in concert with
the ASI-derived mesoscale precipitation will provide high-resolution electrodynamic forcing to
GITM, which will determine how the high-latitude I-T system reacts to multi-scale plasma con-
vection and auroral precipitation. Flying virtual satellites in those GITM global simulations at
different sampling scales will be an especially valuable augmentation to the GDC LF sampling
scale and will help to narrow down the most efficient sampling range at the LF scale. The time
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Figure 2: (Left) SuperDARN radar distribution and (Right) Auroral energy flux from the mosaic of
THEMIS ASIs during a substorm on 2010-02-16.

Global Navigation Satellite System (GNSS) total electron content (TEC) observations have
been widely used for multiple-scale geospace studies due to the unprecedented spatiotemporal
coverage provided by dense ground-based receiver networks. They have been used to examine the
geospace storm effect on plasma density gradients, traveling ionospheric disturbances (TIDs) and
etc. [Coster et al., 2003; Tsugawa et al., 2007; Zhang, 2019]. The fundamental GNSS TEC data
source is the Madrigal database with extensive Global Navigation Satellite System (GNSS) TEC
data since 2000 produced by MIT Haystack Observatory [Rideout and Coster, 2006; Vierinen et al.,
2016]. GNSS TEC processing utilizes 6000+ global receivers to generate 150 million line-of-sight
(LOS) data each day. Due to the limited coverage above the oceans, the GNSS TEC observational
data are incomplete for a global map. The International GNSS Service (IGS) Ionosphere Working
Group has been established in 1998 to provide reliable vertical TEC maps

Fabry-Perot Interferometers (FPIs) will be used to obtain the neutral wind and temperature
near the F-peak using 630 nm airglow. Conventional FPIs provide LOS wind in a few looking
directions with a temporal resolution of few minutes. A more sophisticated sampling strategy is
achieved by Scanning Doppler Interferometers (SDI) in Alaska [Conde and Smith, 1998], which
divide the field-of-view into tens of look-directions spanning across ⇠1000 km, yielding a single
2-D snapshot of horizontal wind every 5 minutes. SDIs provide 2-D wind vectors in ⇠100 km
spatial resolution. We will use FPIs co-located with ISRs (Millstone Hill, Poker Flat, and Tromso)
in order to obtain simultaneous neutral and plasma parameters. The FPI and ISR observations will
be used to estimate ion drag and wind acceleration time scale.

Satellite observations: For this project, we will primarily use the ground-based measurements,
but are not limited to that. Other LEO satellites, including Defense Meteorological Satellite Pro-
gram (DMSP) and POES, may possibly have overlapping in mission time and conjugacy with the
GDC mission. The cross validation between those satellites and GDC will be very valuable for
the GDC operation. For example, DMSP F18 satellite flew in circular Sun-synchronous orbits at
an altitude of ⇠840 km with an inclination of ⇠98.8�. The particle measurements were taken by
the onboard Special Sensor for Precipitating Particles, version 5 (SSJ/5), which measures incident
electrons and ions from 30 eV and 30 keV every second using 19 logarithmically spaced energy
channels [Hardy et al., 2008; Redmon et al., 2017]. DMSP SSJ data can potentially be utilized to
calibrate GDC if the DMSP satellites are available during GDC mission lifetime.

3.2. Models:
The Global Ionosphere-Thermosphere Model (GITM) is the first 3-D nonhydrostatic gen-

eral circulation model (GCM) in the upper atmosphere [Ridley et al., 2006; Deng et al., 2008],
which solves for the neutral and ion densities, velocities and temperatures self-consistently. The
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tating Interaction Region (CIR). (3) Some physics processes may become more important when
the scale goes down to meso-scale and smaller. Specifically, we will add in the horizontal shear
of vertical motion into the momentum equation and the horizontal temperature gradient into the
energy equation since their importance can be augmented when the horizontal grid size decreases.
Since the electrodynamic processes may become more important when the spatial scale is <50
km [Lotko and Zhang, 2018], ion inertia needs to be included in the ion momentum equation for
motion along the geomagnetic field. These model developments will be very important for us to
fundamentally improve the model capability to simulate meso-scale phenomena.

Figure 11: ISRIM electron density
(log(Ne, m-3)) climatology under moder-
ate solar activity conditions at Millstone
Hill between 200-400 km altitudes at mid-
night. Dark dots mark the height of the F2
peak hmF2.

At large-scale, we will focus our study on the influ-
ence of soft electron precipitations, ion-neutral coupling
through TIDs/TADs, and inter-hemispheric asymmetry.
(1) Improvement in ASHLEY: As mentioned in the
Section 4.1.1, ASHLEY strongly improves the specifica-
tion of soft particle precipitation in GITM, which makes
it ready to contribute to the refinement of the GDC con-
stellation configuration. The results shown in Figure 6 il-
lustrate that including soft electron precipitation strongly
improves the GITM simulations of I-T variation during
a geomagnetic storm and improves the data-model com-
parison. However this study is still quite preliminary, and
more works need to be done to improve the description of
soft electron in ASHLEY. For example, so far only obser-
vations from 3 satellites (DMSP F16-F18) during 5 years
(2010-2015) have been utilized to build up the empiri-
cal model. Meanwhile, due to the limited data coverage
in local time, the inter-hemispheric asymmetry has been
ignored and the data from two hemispheres have been
binned together. Certainly more data covering a whole
solar cycle and different local time sectors are needed for

ASHLEY. Additionally, data from two hemispheres need to be treated separately to examine the
inter-hemispheric asymmetry in the particle precipitation, which is directly related to GDC Sci-
ence objective 2.6. (2) TADs/TIDs: To address the Science objective 2.2 (Identify the processes
that create and dissipate propagating structure within I-T), the understanding of interaction be-
tween traveling ionospheric disturbances (TIDs) and traveling atmospheric disturbances (TADs) is
crucial. Our recent study [Cheng et al., 2020] illustrates that GITM is capable to reproduce the
GNSS TEC observed LSTIDs at mid-latitudes triggered by a moderate geomagnetic storm. The
follow-up study indicated that the neutral-ion coupling through TIDs/TADs can be quite complex
and has a strong height-dependence, as shown in Figure 10. While the neutral and ion perturba-
tions at 270 km altitude are pretty much anti-correlated, it is difficult to identify their correlation
at 400 km. Certainly a more comprehensive study with a clearer description of both ionosphere
and thermosphere from observations and a thorough data-model comparison will shed lights on
the processes controlling the TIDs-TADs interrelationship at mid- and low-latitudes. (3) Inter-
hemispheric asymmetry: The GDC objective 2.6 is to determine how hemispheric asymmetries
affect I-T system, which has not been well understood and the current modeling tools are not yet
equipped to account for these consequences. In order to contribute to this specific objective, This
team will partner with the Center for the Unified Study of Interhemispheric Asymmetries (CU-
SIA), a phase-1 NASA DRIVE center, to enhance numerical simulation-based data products. The
nature of I-T system can be highly asymmetric due to internal processes, e.g., the effects of the
offset, tilted dipole and seasonal variability, but also due to asymmetric driving stemming from
the Y-component of the IMF and other factors. Numerical models often fail to account for these
effects, limiting their use when asymmetries are expected. CUSIA is working to identify and ad-
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(1) Development of analysis techniques and tools:

(b) Neutral-ion collision time scale

(c) Aurora flux from ASI (left) & SuperDARN high-reso ion flow (right)  (d) ISRIM electron density

Figure 7: TEC maps from the GNSS observations provided by IGS (left), MIT(middle), and reconstructed
by SNP-GAN (right) [Pan et al., 2021].

for specifying the forcing, but typically are not available from the observations due to the lim-
ited data coverage. In addition to the interpolation technique shown in GDC STDT report, the
deep-learning inpainting model, SNP-GAN, will be applied for the 2-D map reconstruction to il-
lustrate how much information that can be recovered from the limited satellite observations. The
pre-trained SNP-GAN model will be fine-tuned for the particular observations, such as particle
precipitation. The observations will be divided into training and test data and cross-validation will
be used to identify the method, which achieves the best reconstruction accuracy using SNP-GAN.
SNP-GAN has been applied to reconstruct the 2-D TEC maps based on the MIT-TEC maps with
data gaps (Figure 7). The detailed description of SNP-GAN is included in the Section 3. Figure 7
(right) shows that SNP-GAN can successfully combine the large-scale features from the back-
ground IGS-TEC model with the meso-scale features from the MIT-TEC observations. For exam-
ple, the cusp-like dayside meso-scale structure has been reconstructed by the SNP-GAN based on
the MIT-TEC observations shown Figure 7 (middle), which is missed in the IGS global TEC map
shown in Figure 7 (left) due to its climatological and smoothing features, but is hinted by the sparse
data in the MIT-TEC maps. It is promising to use SNP-GAN for reconstructing full 2-D maps of
forcing and I-T response from the satellite data, which will illustrate how much information we
can extract and preserve from observations with limited coverage.

(2) Ionospheric conductance and Joule heating are critical parameters for achieving GDC
science goals, but cannot be directly measured and are not listed as GDC primary and secondary
parameters. Using the measurements across the science payloads combined with model simula-
tions, they can be generated with reasonable accuracy and precision. For example, Poynting flux
can be calculated out using the collocated measurements of electric field and magnetic field [Knipp
et al., 2011] from GDC, which can provide a great reference for the height-integrated Joule heat-
ing and geomagnetic energy inputs into the I-T system. Meanwhile, once particle precipitation
either along the satellite trajectory or in the 2-D map from SNP-GAN reconstruction is available,
the ionospheric conductance can be estimated from both the empirical formula (i.e. Robinson for-
mula) and GCM simulations. From the GCM simulations, the altitudinal resolved conductivity and
Joule heating can be calculated through the combination of particle precipitation and electric field
measurements and thermospheric parameters from GITM. Therefore, the data products include
1-D ionospheric conductance along the satellite trajectory, 2-D ionosphere conductance and Joule
heating maps, and 3-D conductivity and Joule heating, which will be provided on a regular basis
as new space weather products to the community through our new platform, SOPHIE, as shown in
Figure 12, in addition to archiving on the SPDF as required by the data management plan (DMP).
The format of the data products includes plots as JPEG files and digit files including all the original
data. The dimension of the data includes 1-D, 2-D and 3-D. The domain can be local, regional,
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(a) 2-D TEC map reconstructed by SNP-GAN 



(2) Enhancements of GITM model: 
• upgrade simulation grid, 
• include physical processes related mesoscale, 
• couple with ASHLEY, MHD, and ground-based observations, 
• enable transition models to operational use. 

(a) Uniform high resolution
(1� X 1�)

(b) Uniform low resolution
(5� X 5�)

(c) Local-mesh refinement
(1� X 1� in regional domain)

Figure 9: (Left) GITM with local-mesh refinement (GITM-R) simulation [Deng and Zhu, 2021]. (Right)
Magnetospheric inputs show a strong interhemispheric asymmetry due to the IMF By effect (Courtesy of
Pham & Welling).

3. The neutral-ion collision time scale will be used to identify what GDC satellite revisit time is
needed to resolve the time scale of neutral wind variation (mission-specified task 1).
Impact on the maximization of mission science return:
1. The spatiotemporal deep learning model will improve our capability to describe the dynamic
processes in I-T system (Science goals 1&2);
2. Improve the specification auroral energies and energy fluxes through translating white light ASI
capabilities to the RGB ASI dataset (Science goal 1);
3. Improve understanding of how effectively the ion drag impacts the neutral wind and how quickly
neutral wind responds to the change of high-latitude electrodynamic forcing(Science goal 2).

4.2.2. Task 2: Physical models
GITM, as the primary model for this project, will be developed with some new modeling

capabilities. As shown in Figure 9 (left), the newly developed GITM version with local mesh
refinement technique (GITM-R) [Deng and Zhu, 2021] makes it possible to simulate meso-scale
features in global-scale simulations and greatly improves the capability to simulate multi-scale
phenomena caused by different forcing. Examples have demonstrated the capability of GITM-R
to resolve the meso-scale ionospheric disturbance caused by a hurricane event [Zhao et al., 2020].
In this project, we will improve GITM simulation capabilities at both meso-scale and large-scale,
which will efficiently help the GDC mission to achieve the science Goal 1 (to examine how the
high-latitude I-T system responds to the solar wind/ magnetosphere forcing).

Figure 10: Neutral density and electron density perturbations at
270 km (top) and 400 km (bottom) altitudes during the March
2014 storm event.

Specifically, at meso-scale we
will improve the grid structures, forc-
ing specification and related physi-
cal processes. (1) We will test the
local-mesh refinement grid structure
through a systematic validation and a
stability analysis will be conducted to
approve that the technique is robust.
(2) To enhance the forcing specifica-
tion at meso-scale, the coupling with
ground-based SuperDARN and ASI
observations will then be improved to
include the capability to separate the
forcing at different scales and to ex-

tend the simulation to a broad range of events, including Coronal Mass Ejection (CME) and Coro-
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dress model shortcomings to provide more accurate results that account for asymmetries. Recent
advances already underway include coupling of neutral-wind-driven FACs and their effects on the
global potential pattern. If funded to Phase 2, CUSIA will provide global MHD simulations for the
proposed effort. Further, new model advancements implemented by the CUSIA team will be used
for GDC simulations during the planning and post-launch stages. While not critical for success of
this work, the CUSIA partnership can amplify the science return of this proposal.

In addition to improving GITM, new modeling capability will also be developed for the empiri-
cal ISRIM model. Figure 11 provides sample Ne outputs of ISRIM for Millstone Hill as a function
of altitude and day number of the year for midnight. The existing models for 7 individual ISRs
are currently being upgraded to include additional observations for nearly 2 solar cycles since their
first release. A new model for the ISR at Poker Flat (Chatanika) is also being developed. Under
the support of this project, we will further develop a new empirical model for Resolute Bay using
the RISR-North (2009-) and RISR-Canada (2015-) observations. Similar to other ISRIM models,
we will take a bin-fit technique as described in Zhang et al. [2005]. These 9 models collectively
form the ISRIM 2021 and will be used for this project.

Figure 12: Proposed new platform, Support from
Observations and PHysIcs modEls (SOPHIE).

We will also explore a novel deep learn-
ing approach to build empirical ISR models
different from the traditional bin-fit methods.
This approach is based on the deep neural net-
work (DNN) as an emerging powerful machine
learning tool in classification, prediction and
nonlinear regression in many fields [Goodfel-
low et al., 2016]. The success of NN has
been demonstrated in many areas including the
space science with primary interest in the iono-
spheric maximum electron density Nmax [Yue
et al., 2006], the topside ionosphere [Cai et al.,
2019], and storm forecast [Jankovičová et al.,
2002]. However, the previous NN methods use
only one hidden layer with a limited number of
neurons (e.g. 18 in Cai et al. [2019]), which
may limit the model capability of approximat-
ing the complex nonlinear relationship between
the input and output variables. In contrast,
DNN usually has two or more hidden layers to
extract high-level features from the input data
automatically, thus holding the potential to re-
produce ISR measured parameters. Our pro-
posed work deals with altitudinal variations of
the ISR measured ionospheric parameters as a
function of solar activity, season, time and geo-
magnetic activity, and therefore the input neu-
rons include solar F10.7 daily value, day num-

ber of the year, local time, and geomagnetic activity index, and altitude. The number of hidden
layers will be 2-5 and the number of neurons in each hidden layer will be 24-28. The neural ar-
chitecture search (NAS) with reinforcement learning will be used to identify the optimal network
structure [Zoph and Le, 2016]. The Millstone Hill ISR observation data will be used to train the
DNN model, which will be evaluated by cross validation as well as comparing with ISRIM 2021
(derived with the bin-fit methods). Once this DNN model is proved to be effective, it can be easily
extended to data from other ISR sites, such as PFISR, and RISR.
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(a) Grid: GITM-R (b) Soft electrons: ASHLEY

(c) Asymmetry: 
MHD model 

(d) Platform SOPHIE



(1) Refinement of the constellation configuration and mission requirements.
4.2 Technical Approach: mission-specified tasks

most significant differences between GITM and other GCMs include the capability to simulate the
non-hydrostatic processes and a flexible resolution. Relaxing the hydrostatic approximation allows
acoustic waves to form in the simulation and improves the description of high-frequency gravity
waves [Deng et al., 2008, 2013; Deng and Ridley, 2014]. Meanwhile, the resolution of GITM is
flexible since stretched grids in latitude and altitude are possible and the number of grid points in
each direction can be specified. GITM has been run at sub-degree resolutions [Deng and Ridley,
2014; Lin et al., 2017], allowing for studies of mesoscale structures. The typical time step in GITM
is 2 seconds, which makes it capable of resolving highly dynamical phenomena with timescales
below one minute. These features make GITM an excellent candidate for simulating the transient
mesoscale structures in the IT system [Deng et al., 2019] and capturing the processes triggered
by the M-I-T dynamic changes [Deng et al., 2018]. GITM has implemented a 3D-dynamo code
[Maute and Richmond, 2017] to include the neutral dynamo effect in the electrodynamics at mid-
and low-latitudes [Zhu et al., 2017]. At high-latitudes, electrodynamic forcing can be specified
by empirical models, data assimilation models, or outputs from MHD models. Figure 3 shows
an example of flying a ”virtual” satellite inside the GITM simulations and extracting the neutral
density along the satellite trajectory. GITM can provide predictions on observations that could be
made by GDC in the simulation context.
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Figure 3: (Top) Fly a virtual satellite in the
GITM simulations and (bottom) the neu-
tral density extracted along the satellite tra-
jectory (black line) and the orbital average
density (red line) (Courtesy of Ridley).

The Space Weather Modeling Framework (SWMF)
[Tóth et al., 2005] will be used to simulate the
magnetosphere-ionosphere environment. The SWMF is
a flexible software framework that couples otherwise in-
dependent models to create a comprehensive and self-
consistent simulation. Under the Geospace configura-
tion [Welling et al., 2021], the SWMF couples three
codes: the BATS-R-US global magnetohydrodynamic
model [Powell et al., 1999; Gombosi et al., 2000], for
the interaction between the magnetosphere and the so-
lar wind and IMF; the Rice Convection Model [Toffoletto
et al., 2003] of the ring current and near-Earth plasma
sheet; and the Ridley Ionospheric Model [Ridley et al.,
2004], a height-integrated ionospheric electrodynamics
model. This configuration captures the Sun-Earth inter-
actions that translate to high and mid-latitude drivers of
the I-T system, including the convection electric field and
precipitating average energy and energy flux [Welling,
2019]. The SWMF will be used to produce these val-
ues to GITM for both real-world and idealized events.
Numerical experiments will be employed to isolate and
identify different physical processes that drive I-T char-
acteristics.

Auroral energy Spectrum and High-Latitude
Electric field variabilitY (ASHLEY) is a newly devel-
oped empirical model [Zhu et al., 2021], which improves
specifications of soft electron precipitations and electric
field variability that are not well represented in exist-
ing high-latitude empirical models. ASHLEY consists of

three components, ASHLEY-A, ASHLEY-E, and ASHLEY- Evar, which are based on the electron
precipitation and bulk ion drift measurements from the DMSP satellites during 2010-2015. Unlike
most existing electron precipitation models, which have assumptions about the energy spectrum
of incident electrons, the electron precipitation component of ASHLEY, ASHLEY-A, provides the
differential energy fluxes in the 19 DMSP energy channels under different geophysical conditions
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Figure 5: (left) SuperDARN high-resolution ion flow vector map during March, 2014 event and (right) the
corresponding perturbation in vertical (color) and horizontal neutral winds (vector) caused by the meso-scale
ion convection structures from GITM simulations [Sheng et al., 2020].

with different setups, such as with or without meso-scale forcing and soft electron precipitation.
Further, the global context of those observations (i.e., the magnetosphere-ionosphere-thermosphere
dynamics driving the orbit-local conditions) will be produced. These values will be used to ex-
plore and exemplify the capabilities of the GDC mission to detect features at different scales and
processes under different conditions. The limitations of the instrumentation and orbit will be ex-
amined. A critical output for this effort will be virtual satellites: the numerical solution from the
models extracted along a given orbit, as shown in Figure 3. Virtual satellites have been used to
great effect for data-model comparisons and for simulating specific observations. During Phases
A-D, we will cooperate with the GDC team to enhance the virtual satellites by imposing instru-
ment observational constrains (e.g., look angle, sampling frequency, etc.) to better simulate what
GDC can and cannot observe. Simulation results for real events will be compared to observations
from other LEO missions (e.g., Swarm and C/NOFS) for model validation purposes. Simulation
configuration will be iteratively changed to best match observations and improve forecasts at GDC
locations.

(1) High-resolution electrodynamic forcing: DRM mentioned six different sampling scales,
especially the local-fast (LF) scale, which will be sampled almost in all phases (phase 1a-3b)
during the 36-month DRM. LF scale covers the spatial scale in 300-2000 km and temporal scale in
0.5-3 minutes. The sampling of observations in the LF scale is critical to address the GDC science
objectives. However, the current specification of the electrodynamic forcing at this scale is quite
insufficient for modeling. It is typically not included in the empirical models and has a limited
representation in the data assimilation models. In order to figure out what is the most efficient
sampling frequency in the LF scale range and appropriate longitudinal separation to resolve the
transient meso-scale phenomena, GITM will be driven by different specifications of high-latitude
electrodynamic forcing.

As shown in Figure 5, recently GITM simulations driven by high-resolution SuperDARN
(HRSD) map demonstrates that the inclusion of the high-resolution ion flows in the global con-
vection map changes the neutral wind response by ⇠100 m/s in horizontal direction and 20 m/s
in vertical direction (Sheng et al. 2020). The results imply that the meso-scale ion flow plays
a critical role in the ion-neutral coupling. In this project, the HRSD maps used in concert with
the ASI-derived mesoscale precipitation will provide high-resolution electrodynamic forcing to
GITM, which will determine how the high-latitude I-T system reacts to multi-scale plasma con-
vection and auroral precipitation. Flying virtual satellites in those GITM global simulations at
different sampling scales will be an especially valuable augmentation to the GDC LF sampling
scale and will help to narrow down the most efficient sampling range at the LF scale. The time
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(a) Virtual satellites in GITM

(b) Impact of meso-
scale ion convection 

	 	
Figure 6: (Left) The SYM-H index during the August 2003 storm event (a) and the percentage difference
of orbital averaged neutral mass density from CHAMP satellite observations at 400 km altitude (black)
and GITM simulation along the satellite trajectory when using the Maxwellian energy spectrum for the
incident electrons (blue) or ASHLEY outputs (red). (Right) Percentage differences of the neutral mass
density at 400 km between the cases with and without the improved specification of soft electrons in both
Hemispheres [Zhu et al., 2021].

scale of wind acceleration and heating will be used to identify what GDC satellite revisit time is
needed to resolve the time scale. Meanwhile, this study will provide a unique opportunity to assess
the relative contribution of meso-scale flow and aurora structures to the thermospheric dynamo,
acceleration time scales, collisional heating, and evolution of thermospheric density structures and
composition, which will help to address the GDC science goal 1.

(2) Soft electrons on neutral density and satellite drag: At large scale, our recent study in-
dicates that soft electron precipitation can be important for the neutral density at 400 km altitude
and cause density perturbation globally, as shown in Figure 6, which can influence the satellite
drag at LEO orbits. Our newly developed empirical model ASHLEY [Zhu et al., 2021] includes
full spectral information of auroral electron precipitation in 30 eV-30 keV, and better specifies soft
electron precipitation (<1 keV) in the auroral zone compared to the widely used Maxwellian en-
ergy spectrum of incident electrons. As shown in Figure 6 (left), soft electrons can contribute
30% orbital-average neutral density at CHAMP satellite altitude (⇠400 km) during a geomagnetic
storm. The distribution of percentage perturbation shown in Figure 6 (right) indicates that the im-
pact on the neutral density is not confined in the high-latitude region and the enhancement spreads
to the mid- and low-latitudes especially on the nightside through changing the neutral dynamics.
Due to the significance of soft electron precipitation to the neutral density, the improvement of its
specification will boost our capability for the satellite drag estimation, which may strongly impact
the satellite trajectory and constellation configuration, especially during storm periods. Virtual
satellite outputs in the GITM-ASHLEY coupled simulations will improve the predictions on the
satellite drag variation caused by the neutral density changes that GDC will experience, especially
during storm periods.
Impact on the GDC mission development:
1. GITM simulation with high-resolution electrodynamic forcing will identify the most efficient
sampling range at LF scale and the satellite revisit time needed to resolve that time scale.
2. Improve the description of neutral density variation caused by soft electrons, which can strongly
impact the satellite drag estimation, especially during storm times.
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(c) Impact of large-scale 
forcing: soft electron



(2) Calibration, validation, and verification.
• Cal/Val via Incoherent Scatter Radars
• Verification with ASI, SuperDARN, GNSS TEC, FPI, and other observations

eters from observations by 7 ISRs [Zhang et al., 2005, 2007], including Sondrestrom, Svalbard,
Tromso, Millstone Hill, St. Santin, Shigaraki, and Arecibo.

Figure 1: Worldwide distribution of incoherent scatter radars.

The Super Dual Auroral Radar
Network (SuperDARN) consists of
35 currently operating over-the-horizon
radars (23 in the northern hemisphere
and 12 in the southern hemisphere),
covering both polar caps, majority
of high-latitudes and partially mid-
latitudes, as shown in Fig. 2 (left).
The radars are frequency-agile (8-20
MHz) and have fields of view in the
range between 180-3000 km in stan-
dard operations. A typical Super-
DARN radar has 16 look directions,
separated by 3.24� in azimuth and
75-100 range gates separated by ⇠45
km (typical pulse length of 300 µs).

The dwell time normally is 3-7 seconds which results in a 1-2 minute azimuth scan, hence the time
resolution. The radars rely on field-aligned irregularities at half the wavelengths of the radar’s ra-
dio wave, which backscatter portion of the incident power. The radars observations further depend
on the signal-to-noise ratio which is compromised by ionospheric absorption at times of increased
collisions. The availability of radar signals thus depends on geophysical conditions and is event-
specific. When the return signals are available at a specific range-gate, nominal processing routines
estimate backscatter power, line-of-sight velocity, and spectral width for each range-gate basis
[Ribeiro et al., 2013]. SuperDARN routinely provides global convection and potential maps based
on series expansion by spherical harmonics fit (SHF) [Ruohoniemi and Baker, 1998]. These global
maps, however, do not reproduce morphology of 100-500 km meso-scale flows. The meso-scale
flows with scale-size in the order of 100 km could be reconstructed from SuperDARN measure-
ments during events with regionally plentiful backscatter using spherical elementary current sys-
tem (SECS) method [Amm et al., 2010], which is similar to the work of Bristow et al. [2016]. This
procedure will be employed only to events and regions with dense line-of-sight (LOS) data. An
example of the 2-D flow reconstruction is shown in the Section 4.1 and Figure 5 (left). Localized
flow channels of a few 100 km widths are clearly shown in the duskside convection cell. While
SuperDARN velocity cannot be used as a mean of calibrating the magnitude of GDC measure-
ments, however, they provide the spatial morphology of meso-scale flows and their spatiotemporal
evolution.

THEMIS all-sky-imagers (ASIs) record the white light aurora across all of Canada and Alaska
[Mende et al., 2009], and no data array provides the temporal or spatial coverage of aurora that the
THEMIS ASIs do. The ASI array consists of ⇠20 cameras at any given time covering a large
section of the auroral oval with up to one-kilometer resolution near zenith and few km resolution
at the lowest elevations we will use. The ASIs are time synchronized with a 3 sec cadence. Data
collection began in 2006 and are expected to continue in the coming years. We have developed
techniques to utilize the ASIs to estimate the precipitating energy flux and average energy from
the color ratios of the aurora [Nishimura et al., 2021; Gabrielse et al., 2019a, 2020], which is
based on the existing methodologies Rees and Luckey [1974]; Strickland et al. [1989]. Figure 2
(Right) depicts the energy flux estimated from our techniques during a substorm expansion phase.
As the Canadian TREx ASIs of RGB, blue-line, and near infrared ASIs comes online (currently
being deployed), we will include those datasets to improve the accuracy of auroral energy flux and
average energy estimation (https://www.ucalgary.ca/aurora/projects/trex).
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Figure 2: (Left) SuperDARN radar distribution and (Right) Auroral energy flux from the mosaic of
THEMIS ASIs during a substorm on 2010-02-16.

Global Navigation Satellite System (GNSS) total electron content (TEC) observations have
been widely used for multiple-scale geospace studies due to the unprecedented spatiotemporal
coverage provided by dense ground-based receiver networks. They have been used to examine the
geospace storm effect on plasma density gradients, traveling ionospheric disturbances (TIDs) and
etc. [Coster et al., 2003; Tsugawa et al., 2007; Zhang, 2019]. The fundamental GNSS TEC data
source is the Madrigal database with extensive Global Navigation Satellite System (GNSS) TEC
data since 2000 produced by MIT Haystack Observatory [Rideout and Coster, 2006; Vierinen et al.,
2016]. GNSS TEC processing utilizes 6000+ global receivers to generate 150 million line-of-sight
(LOS) data each day. Due to the limited coverage above the oceans, the GNSS TEC observational
data are incomplete for a global map. The International GNSS Service (IGS) Ionosphere Working
Group has been established in 1998 to provide reliable vertical TEC maps

Fabry-Perot Interferometers (FPIs) will be used to obtain the neutral wind and temperature
near the F-peak using 630 nm airglow. Conventional FPIs provide LOS wind in a few looking
directions with a temporal resolution of few minutes. A more sophisticated sampling strategy is
achieved by Scanning Doppler Interferometers (SDI) in Alaska [Conde and Smith, 1998], which
divide the field-of-view into tens of look-directions spanning across ⇠1000 km, yielding a single
2-D snapshot of horizontal wind every 5 minutes. SDIs provide 2-D wind vectors in ⇠100 km
spatial resolution. We will use FPIs co-located with ISRs (Millstone Hill, Poker Flat, and Tromso)
in order to obtain simultaneous neutral and plasma parameters. The FPI and ISR observations will
be used to estimate ion drag and wind acceleration time scale.

Satellite observations: For this project, we will primarily use the ground-based measurements,
but are not limited to that. Other LEO satellites, including Defense Meteorological Satellite Pro-
gram (DMSP) and POES, may possibly have overlapping in mission time and conjugacy with the
GDC mission. The cross validation between those satellites and GDC will be very valuable for
the GDC operation. For example, DMSP F18 satellite flew in circular Sun-synchronous orbits at
an altitude of ⇠840 km with an inclination of ⇠98.8�. The particle measurements were taken by
the onboard Special Sensor for Precipitating Particles, version 5 (SSJ/5), which measures incident
electrons and ions from 30 eV and 30 keV every second using 19 logarithmically spaced energy
channels [Hardy et al., 2008; Redmon et al., 2017]. DMSP SSJ data can potentially be utilized to
calibrate GDC if the DMSP satellites are available during GDC mission lifetime.

3.2. Models:
The Global Ionosphere-Thermosphere Model (GITM) is the first 3-D nonhydrostatic gen-

eral circulation model (GCM) in the upper atmosphere [Ridley et al., 2006; Deng et al., 2008],
which solves for the neutral and ion densities, velocities and temperatures self-consistently. The
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tating Interaction Region (CIR). (3) Some physics processes may become more important when
the scale goes down to meso-scale and smaller. Specifically, we will add in the horizontal shear
of vertical motion into the momentum equation and the horizontal temperature gradient into the
energy equation since their importance can be augmented when the horizontal grid size decreases.
Since the electrodynamic processes may become more important when the spatial scale is <50
km [Lotko and Zhang, 2018], ion inertia needs to be included in the ion momentum equation for
motion along the geomagnetic field. These model developments will be very important for us to
fundamentally improve the model capability to simulate meso-scale phenomena.

Figure 11: ISRIM electron density
(log(Ne, m-3)) climatology under moder-
ate solar activity conditions at Millstone
Hill between 200-400 km altitudes at mid-
night. Dark dots mark the height of the F2
peak hmF2.

At large-scale, we will focus our study on the influ-
ence of soft electron precipitations, ion-neutral coupling
through TIDs/TADs, and inter-hemispheric asymmetry.
(1) Improvement in ASHLEY: As mentioned in the
Section 4.1.1, ASHLEY strongly improves the specifica-
tion of soft particle precipitation in GITM, which makes
it ready to contribute to the refinement of the GDC con-
stellation configuration. The results shown in Figure 6 il-
lustrate that including soft electron precipitation strongly
improves the GITM simulations of I-T variation during
a geomagnetic storm and improves the data-model com-
parison. However this study is still quite preliminary, and
more works need to be done to improve the description of
soft electron in ASHLEY. For example, so far only obser-
vations from 3 satellites (DMSP F16-F18) during 5 years
(2010-2015) have been utilized to build up the empiri-
cal model. Meanwhile, due to the limited data coverage
in local time, the inter-hemispheric asymmetry has been
ignored and the data from two hemispheres have been
binned together. Certainly more data covering a whole
solar cycle and different local time sectors are needed for

ASHLEY. Additionally, data from two hemispheres need to be treated separately to examine the
inter-hemispheric asymmetry in the particle precipitation, which is directly related to GDC Sci-
ence objective 2.6. (2) TADs/TIDs: To address the Science objective 2.2 (Identify the processes
that create and dissipate propagating structure within I-T), the understanding of interaction be-
tween traveling ionospheric disturbances (TIDs) and traveling atmospheric disturbances (TADs) is
crucial. Our recent study [Cheng et al., 2020] illustrates that GITM is capable to reproduce the
GNSS TEC observed LSTIDs at mid-latitudes triggered by a moderate geomagnetic storm. The
follow-up study indicated that the neutral-ion coupling through TIDs/TADs can be quite complex
and has a strong height-dependence, as shown in Figure 10. While the neutral and ion perturba-
tions at 270 km altitude are pretty much anti-correlated, it is difficult to identify their correlation
at 400 km. Certainly a more comprehensive study with a clearer description of both ionosphere
and thermosphere from observations and a thorough data-model comparison will shed lights on
the processes controlling the TIDs-TADs interrelationship at mid- and low-latitudes. (3) Inter-
hemispheric asymmetry: The GDC objective 2.6 is to determine how hemispheric asymmetries
affect I-T system, which has not been well understood and the current modeling tools are not yet
equipped to account for these consequences. In order to contribute to this specific objective, This
team will partner with the Center for the Unified Study of Interhemispheric Asymmetries (CU-
SIA), a phase-1 NASA DRIVE center, to enhance numerical simulation-based data products. The
nature of I-T system can be highly asymmetric due to internal processes, e.g., the effects of the
offset, tilted dipole and seasonal variability, but also due to asymmetric driving stemming from
the Y-component of the IMF and other factors. Numerical models often fail to account for these
effects, limiting their use when asymmetries are expected. CUSIA is working to identify and ad-
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(3) Data products
• Joule heating & ionospheric conductance

(a) Percentage increase of Ne at 1200 LT (b) Percentage increase of ⇢n @ 400 km

Figure 6: (a) The altitude-latitude distribution of the percentage increase of electron density at
1200 LT when the soft electron particles (100eV, 2mW/m

2) are added in the cusp region (72.5� �
77.5�N, 1100 � 1300LT ). The maximum at 400 km is 250%. (b) The corresponding percentage
increase of neutral density at 400 km altitude in the northern hemisphere, which reaches 25% at
the noon time. [Deng et al., 2012]

Figure 7: The calculated Poynting flux (mW/m
2) from the ion drift, magnetic field perturbation

measurements along DMSP F15 satellite trajectory on August 24, 2005.

The question is: What is the joint probability of large Poynting flux (75mW/m
2) and large soft

particle precipitation (2mW/m
2) in the cusp region? Is there any time lag and spatial shift between

them? What is the general correlation between soft particle precipitation and Poynting flux in the
cusp region?

To address these questions, the Poynting flux will be calculated from the electric and magnetic
field measured by the DMSP satellites and the soft particle energy flux will be calculated from the
particle spectrum measured by the DMSP. The DMSP spacecraft are in polar orbits and fixed in
local times sampling the ionospheric plasma at about 840 km. Due to quality of magnetometer
data, F15, which is in a 0930-2130 local time orientation, will be the primary source for this study.
F17 will potentially be used after the ion drift data are processed. The electric field can be deduced
from ion drift velocity measured by the SSIES monitor, the simultaneous magnetic field can be
obtained from the SSM magnetometer and the particle spectrum can be obtained from the SSJ4.
The resolution is at 4 second, and the corresponding space resolution is close to 30 km, which is
high enough to study the features in the cusp region related with small-scale electric field. The
Poynting flux then can be calculated along the satellite track. Figure 7 shows an example of the
Poynting flux along F15 satellite trajectory on August 24, 2005 and clearly values of Poynting
flux exceeding 100 mW/m

2 are present in and near the cusp during geomagnetic activity time. A
statistical study of the extreme Poynting Flux in the dayside thermosphere has also been reported
in Knipp et al. [2011]. Most Poynting flux data have been carefully processed and will be provided
by the Co-Investigator, Dr. Delores Knipp. The cusp will be sampled relative to the peak and the
simultaneous soft particle energy flux will be derived from the particle spectrum data. Using data
covering both solar maximum and solar minimum (such as 2001 - 2007), a statistical analysis of

10

The Case for Improving the Robinson Formulas
Michael W. Liemohn1

1Department of Climate and Space Sciences and Engineering, University of Michigan, Ann Arbor, MI, USA

Abstract Auroral particle precipitation is the main source of ionization on the nightside, making it a
critical factor in geospace physics. This magnetosphere‐ionosphere linkage directly contributes to, even
controls, the nonlinear feedback within this coupled system. One study has dominated our understanding of
this connection, presenting a pair of equations relating auroral particle precipitation to ionospheric Pedersen
and Hall conductance, the famous Robinson formulas. This Commentary examines the history of the
development and usage of the Robinson formulas and the recent studies exploring corrections and
expansions to it. The conclusion is that more work needs to be done; the space physics research community
should take up the task to develop improvements and enhancements to better quantify the connection of
auroral precipitation to ionospheric conductance.

1. Introduction

Electron precipitation into the upper atmosphere ionizes the neutrals and enhances electric conductivity in
the auroral zone. This conductivity, or more specifically its height‐integrated version, conductance, is critical
to the closure of field‐aligned currents by horizontal Pedersen currents in the ionosphere. Over the decades,
relationships between downflowing electron fluxes and ionospheric conductance have been derived, most
notably by Robinson et al. (1987). This study has been widely used across space physics, garnering over
400 citations according to Google Scholar and roughly 300 according to CrossRef, yielding a dominant influ-
ence on our understanding of the precipitation‐conductance relationship.

One aspect of the Robinson et al. (1987) study that makes it so ubiquitously adopted is its simplicity, relating
the ionospheric Pedersen and Hall conductances, ΣP and ΣH, respectively, to two values of the downflowing
electrons, called herein the Robinson formulas:

ΣP ¼ 40E

16þ E2 Φ
1=2
E ; (1)

ΣH

ΣP
¼ 0:45E 0:85

: (2)

Here ΦE is the energy flux of the downward precipitating electrons and E is the average energy of those pre-
cipitating electrons. These are straightforward to include in data analysis and modeling studies, allowing an
easy relationship that helps advance our understanding of the geospace system.

There are some key studies among those that have adopted the Robinson formulas. For instance, Fedder
et al. (1995) was the first usage of the Robinson formulas in a global magnetohydrodynamic (MHD) model.
Using the plasmamoments fromMHDat the inner boundary of that code's simulation domain, the Robinson
formulas, along with a discrete auroral correction due to field‐aligned potential drops between the inner
MHD simulation boundary and the ionosphere, were used to obtain a two‐dimensional distribution of con-
ductance. This allowed for Ohm's law to be used to calculate the ionospheric electric potential, which was
mapped to the inner boundary of the MHD domain and used to set perpendicular velocity there. This causal
connection between the magnetosphere and ionosphere is critical for understanding the nonlinear feedback
within the geospace system. One famous usage of this code for physical insight is the Brambles et al. (2011)
study obtaining periodic tail reconfigurations resembling sawtooth oscillations, a feature that could not be
reproduced by the MHD model without causally related conductance and outflow settings.

OtherMHD calculations adopted a different approach. For example, Ridley et al. (2004) used amonth of out-
put from the assimilative mapping of ionospheric electrodynamics (AMIE) model to relate field‐aligned
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DENG ET AL.: HEATING MECHANISMS IN THE CUSP

(a) Effect of e − particle ionization

(b) Effect of e − particle heating

Figure 5. Comparison the two effects of soft electron precipitation (ionization and heating) on the neu-
tral density. (a) The altitudinal profiles of the Joule heating (left) at 1200 LT, 75ı latitude before (black)
and after (red) including the ionization effect of soft electron precipitation. The percentage differences of
the Joule heating and the neutral density have been shown in the middle and on the right. Figure 5b is the
same as Figure 5a, except for the heating effect. The altitudinal profile of the particle heating is plotted
out as blue line. The figures on the left panel are plotted on a logarithmic scale.

are absorbed almost entirely at F-region altitudes. The elec-
tron density enhancement is not limited to the defined cusp
region (72.5ı–77.5ı); it actually spreads to higher latitudes
due to the poleward plasma convection (! 1000 m/s) in the
polar cap. Since the lifetime of ions in the F-region is rel-
atively long [Schunk and Nagy, 2009], the electron density
enhancement can be sustained for a considerable time even
though the electrons have been transported away from the
source region.

[18] The corresponding variation of the neutral density
is shown in Figure 4b. At 400 km altitude, a neutral den-
sity enhancement with a peak of 29% occurred in the cusp
region, which is comparable with the change of neutral den-
sity (34%) caused by the Poynting flux deposition, as shown
in Figure 3. This implies that the soft electron precipita-
tion is as important as the Poynting flux in contributing to
the neutral density variation at 400 km. The altitude vari-
ation of the Joule heating is different when adding in the
soft electrons since they cannot directly penetrate to the
altitudes lower than 150 km. The electron density and
Pedersen conductivity in the F-region are enhanced, as
shown in Figure 4a, and more Joule heating is deposited
in the F-region. If we assume that the height-integrated
Joule heating is always equal to the Poynting flux at
the top of ionosphere, which has been set as a constant
in this study, then less Joule heating is deposited in the
E-region. As a consequence, the influence of the soft
particle precipitation on the neutral density at lower altitudes
is negative in this simulation. While this study indepen-
dently changes the electric field, Poynting flux, and particle
precipitation, these processes are intimately linked in the

magnetosphere-ionosphere-thermosphere coupled system
[Fedder and Lyon, 1987; Ridley et al., 2004]. It means that
if the particle precipitation is increased, then there is a good
chance that the magnetosphere will respond by reducing
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Figure 6. Maximum percentage change of neutral density
at 400 km altitude caused by the soft electron precipitation
with different characteristic energies.
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area with more than 0.02 W/m2 of Joule heating. One par-
ticular location (77.5° S, 22.5° E), which is marked in
Figure 2 and is close to the Joule heating peak, has then
been chosen for detailed study.
[10] In order to separate the impact of energy input at low

and high altitudes, we have compared two idealized runs
with (case 1) or without (case 2) Joule heating enhancement
above the cutting altitude at 150 km. In case 1, Joule heating
is calculated with the enhanced ion convection at all alti-
tudes. In case 2, Joule heating below 150 km has been
calculated in the same way as case 1, while Joule heating
above 150 km is specified with the quiet time values. Case 2
represents the situation when the heating enhances at low
altitudes alone. The difference between case 1 and case 2 is
technically similar to the case when the heating enhances at
high altitudes alone. We set the cutting altitude at 150 km
because it roughly separates the E region and the F region.
Figures 3 and 4 show the temporal variation of the altitu-
dinal distribution of Joule heating, buoyancy acceleration,
vertical velocity and neutral density at (77.5° S, 22.5° E) in
both cases. The line plots represent the temporal variations
at 300 km altitude. It is not intended to focus on the
Southern Hemisphere since this is just a theoretical study.
The simulation time happens to be 29 October when the
subsolar point is in the Southern Hemisphere. Due to the
higher conductance, Joule heating in the Southern Hemi-
sphere is therefore larger than that in the Northern Hemi-
sphere and the effect we study is expected to be larger. If the
analysis focuses on the Northern Hemisphere, similar con-
clusions should be reached except some quantitative change
in the results due to the smaller Joule heating enhancement.
[11] Figure 3a shows that the maximum Joule heating

in case 1 is at 120 km altitude and increases from 7.9 ×

10−8 W/m3 to 1.3 × 10−6 W/m3 when the ion convection
increases. The Joule heating at 300 km is almost 2 orders of
magnitude smaller and also increases with the ion convec-
tion. Our calculation shows that approximately 25% of the
total Joule heating is deposited above 150 km and 75% is
deposited below that level. For example, at 0610UT, the
total altitude‐integrated Joule heating is close to 0.03 W/m2

and the integrated Joule heating from the lower boundary to
150 km is ∼0.022 W/m2. The total Joule heating in case 2 is
∼ 25% smaller than that in case 1 due to the method dif-
ference. The buoyancy acceleration (−1

!
@P
@r + gr), the dif-

ference between the pressure gradient force per unit mass
and gravity acceleration, is equal to zero under the hydrostatic
assumption, which approximately holds before 0600 UT, as
shown in Figure 3b. But it increases at all altitudes after the
energy enhancement for both cases, and the value is larger
than 2.0 m/s2 near the upper boundary. The gravitational
acceleration at 400 km altitude is ∼8.7 m/s2, and the pressure
gradient force per unit mass is thus ∼10.7 m/s2, which is
23% larger than the gravity acceleration. Both cases show
that after the sudden enhancement of Joule heating a strong
disturbance of buoyancy acceleration propagates vertically
with exponentially increasing magnitude resulting in the
maximum disturbance at high altitudes. The significant
difference between the two cases is the disturbance before
the positive maximum. Due to the heating above 150 km,
there is a clear positive disturbance between 0600 and
0603 UT at 300 km in case 1, but not in case 2. The dif-
ference at 0603 UT is more than 1.0 m/s2, which results in
large differences in the vertical velocity.
[12] The vertical velocity is related to a temporal inte-

gration of the vertical acceleration. Figure 4a shows that

Figure 2. The color contour shows the altitudinal integrated Joule (W/m2) heating in the Southern Hemi-
sphere at (left) quiet time and (right) active time. The vectors represent the corresponding ion convection.
The specific position (77.5°S, 22.5°E), which has been examined in Figures 3 and 4, is marked with a #
sign. The outside ring is −40°.
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