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Abstract Ensemble simulations are performed using the Thermosphere-Ionosphere-Electrodynamics
General Circulation Model (TIE-GCM) in order to understand the role of high-latitude forcing uncertainty
on the low-latitude and midlatitude ionosphere response to the April 2010 geomagnetic storm. The
ensemble is generated by perturbing either the high-latitude electric potential or auroral energy flux in
the assimilative mapping for ionosphere electrodynamics (AMIE). Simulations with perturbed high-latitude
electric potential result in substantial intraensemble variability in the low-latitude and midlatitude
ionosphere response to the geomagnetic storm, and the ensemble standard deviation for the change
in NmF2 reaches 50–100% of the mean change. Such large intraensemble variability is not seen when
perturbing the auroral energy flux. In this case, the effects of the forcing uncertainty are primarily confined
to high latitudes. We therefore conclude that the specification of high-latitude electric fields is an
important source of uncertainty when modeling the low-latitude and midlatitude ionosphere response to
a geomagnetic storm. A multiple linear regression analysis of the results indicates that uncertainty in
the storm time changes in the equatorial electric fields, neutral winds, and neutral composition can all
contribute to the uncertainty in the ionosphere electron density. The results of the present study provide
insight into the possible uncertainty in simulations of the low-latitude and midlatitude ionosphere response
to geomagnetic storms due to imperfect knowledge of the high-latitude forcing.

Plain Language Summary Geomagnetic storms produce large changes in the Earth’s ionosphere
that can impact communications, navigation systems, and the electric power grid. The capability of
numerical models to reproduce the ionospheric disturbance during a geomagnetic storm is partially
dependent on accurately specifying the geomagnetic storm forcing at high latitudes. The forcing is,
however, not known with complete accuracy due to imperfect observational knowledge and processes
that occur at scales smaller than the model resolution. Numerical models typically neglect any forcing
uncertainty, and it is unclear to what extent uncertainty in the forcing leads to uncertainty in the model
response. In the present study, an ensemble of simulations in the National Center for Atmospheric Research
Thermosphere-Ionosphere-Electrodynamics General Circulation Model are performed to understand how
uncertainty in the forcing parameters during a geomagnetic storm are propagated into uncertainty in the
low-latitude to midlatitude ionosphere disturbance. The ensemble simulations demonstrate that there can
be large uncertainty in numerical simulations of the low-latitude to midlatitude ionosphere response to
a geomagnetic storm due to uncertainty in the forcing. Understanding the impact of forcing uncertainty
may be useful for space weather forecasting models since it can provide an estimate of the reliability of
the simulations.

1. Introduction

The ionosphere-thermosphere system is strongly driven by external forcing due to both solar and lower
atmosphere processes. Solar forcing comes from the continual atmospheric absorption of solar radiation and
magnetosphere-ionosphere convection driven by the solar wind, as well as from impulsive events such as
those driven by solar flares and coronal mass ejections (CMEs). Forcing from the lower atmosphere arises due
to the impact of upward propagating gravity waves, planetary waves, and atmospheric tides. As a result of
the strong external driving, numerical models of the ionosphere-thermosphere system are characterized as
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deterministic models. This means that the simulated ionosphere-thermosphere variability is driven by the

imposed external forcing. Furthermore, the deterministic nature of ionosphere-thermosphere models means

that independent of the initial conditions the state of the ionosphere-thermosphere will always return to the

same externally forced state after a time period that ranges from several hours for the ionosphere (Jee et al.,

2007) to days for the thermosphere (Chartier et al., 2013).

One consequence of being such a strongly driven system is that accurate modeling of the ionosphere-

thermosphere requires correct specification of the external forcing as well as its variability. Any errors or

deficiencies in the external forcing will lead to errors in the simulation. This is true if one is to assume that

the numerical model correctly simulates the impact of the forcing on the ionosphere-thermosphere system.

Deficiencies in the numerical model, and how it propagates the forcing information throughout the global

ionosphere-thermosphere system, will also impact the accuracy of the simulation. However, for the present

study, we consider model error to be distinctly different from errors due to imperfect external forcing. The sig-

nificant impact of differences in the external forcing on the simulated ionosphere-thermosphere variability

was illustrated by Hagan et al. (2015), who showed that the response to a geomagnetic storm varied signif-

icantly depending on both the specification of high-latitude forcing and forcing due to lower atmosphere

effects. Similarly, Pedatella (2016) showed that the ionospheric response to a major geomagnetic storm would

differ if it occurred during a major sudden stratospheric warming event. These past studies clearly demon-

strate the critical role that accurate specification of the external forcing has on simulations of the upper

atmosphere variability.

Accurate modeling of the ionosphere-thermosphere variability therefore depends only upon accurate knowl-

edge of the external drivers. This is true assuming that the model is perfect, and for the time period when

the initial conditions are no longer relevant. For geomagnetic storms this means that simulations require

accurate specification of the high-latitude forcing parameters (i.e., electric potential/electric field and auroral

particle precipitation). However, observational studies have revealed that there exists substantial small- and

large-scale electric field variability that is not captured by current empirical (climatological) models (Codrescu

et al., 2000; Cousins & Shepherd, 2012; Cousins et al., 2013; Förster et al., 2007; Crowley & Hackert, 2001;

Matsuo et al., 2003). Data assimilation techniques, such as the assimilative mapping of ionospheric electro-

dynamics (AMIE) procedure developed by Richmond and Kamide (1988), attempt to reduce this uncertainty

by adjusting the high-latitude forcing parameters to be consistent with observations. Despite these efforts,

there remains considerable uncertainty in the AMIE electric fields due to limited data coverage, neglect of

small-scale electric fields, uncertainties in auroral conductances, and neglect of wind-dynamo effects (Lu

et al., 1998, 2001; Richmond & Kamide, 1988). These uncertainties result in the electric field uncertainty being

comparable to the magnitude of the estimated electric field, especially in regions where data are sparse.

There is therefore considerable uncertainty in the high-latitude forcing used to drive numerical simulations.

Though known to exist, the uncertainty in the high-latitude forcing tends to be neglected in numerical sim-

ulations of the ionosphere-thermosphere variability during geomagnetic storms. This is despite the fact that

simulations that include the additional Joule heating due to small-scale electric field variability (e.g., Codrescu

et al., 2000; Deng et al., 2009) have shown significant impact on the thermosphere. However, so far there

are no comprehensive studies to determine how uncertainty in high-latitude forcing leads to uncertainty

in the global ionosphere-thermosphere system. That is, what is the uncertainty (or error) in the simulated

ionosphere-thermosphere variability that results due to imperfect knowledge of the high-latitude forcing?

The objective of the present study is to develop an understanding of how imperfect knowledge of the

high-latitude forcing translates into uncertainty in the low-latitude and midlatitude response to a geomag-

netic storm. In particular, we seek to understand whether the high-latitude forcing uncertainty should be

taken into account when modeling global-scale storm time changes in the ionosphere and thermosphere.

This is accomplished by performing an ensemble of simulations of the April 2010 geomagnetic storm in the

Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM). The ensemble accounts

for uncertainty in the high-latitude forcing by perturbing the AMIE electric potential or auroral energy flux.

The ensemble simulation results illustrate that uncertainties in the high-latitude forcing can result in large

uncertainty in the simulated low-latitude and midlatitude ionosphere response to geomagnetic storms.

PEDATELLA ET AL. IONOSPHERE FORCING UNCERTAINTY 863



Journal of Geophysical Research: Space Physics 10.1002/2017JA024683

Figure 1. Solar wind and geomagnetic forcing parameters for days 91–100, 2010 (1–10 April). (a) Interplanetary
magnetic field (IMF) magnitude (black), and By (blue) and Bz (red) components in GSM coordinates. (b) Solar wind
speed. (c) SYM-H index.

2. April 2010 Geomagnetic Storm

A geomagnetic storm occurred on 5 April 2010 that was driven by a CME (Möstl et al., 2010). The effects of
this storm on the ionosphere and thermosphere were previously modeled by Lu et al. (2015), Hagan et al.
(2015), and Sheng et al. (2017). A number of additional studies have focused on other aspects of the geospace
and technological impacts of this event (e.g., Allen, 2010; Clilverd et al., 2012; Prikryl et al., 2011; Wilder
et al., 2012). We briefly summarize the solar and geomagnetic conditions during early April 2010. Figure 1
shows the interplanetary magnetic field (IMF), solar wind speed, and SYM-H index for days 91–100, 2010
(1–10 April). The 1 min solar wind data are from the Wind spacecraft and have been propagated to Earth’s
bow shock. The solar wind data were obtained from the National Aeronautics and Space Administration
(NASA) OMNIWeb database (http://omniweb.gsfc.nasa.gov), and the SYM-H index is from Kyoto University
(http://swdcwww.kugi.kyoto-u.ac.jp/aeasy/). The storm sudden commencement (SSC) occurred at 08:27 UT
on day 95 (5 April). Following the SSC, the solar wind speed reached ∼800 km/s, and the IMF Bz component
fluctuated rapidly between northward and southward while the By component was westward for an extended
period of time. The SYM-H index only reached −90 nT, suggesting only a moderate geomagnetic disturbance.
However, as noted by Lu et al. (2015) the auroral electrojet and cross-polar cap potential reached levels com-
parable to major geomagnetic storms. The auroral electrodynamics were thus highly disturbed, leading to a
significant disturbance in the ionosphere-thermosphere.

3. TIE-GCM Model Experiments

The TIE-GCM, developed at the National Center for Atmospheric Research, is a first-principles global circu-
lation model for the upper atmosphere. The TIE-GCM domain extends from 5.5 × 10−4 hPa (∼97 km) to
4.6 × 10−10 hPa (500–700 km, depending on solar conditions). The chemical, dynamical, and physical pro-
cesses necessary to model the ionosphere and thermosphere, including self-consistent electrodynamics,
are included in the TIE-GCM. A comprehensive overview of the TIE-GCM is provided by Qian et al. (2014).
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The simulations in the present study were performed with a horizontal resolution of 2.5∘ and a vertical resolu-
tion of 0.25 scale height. The model time step is 20 s. The effects of lower atmosphere processes were included
by imposing climatological migrating and nonmigrating solar tides from the Global Scale Wave Model (Hagan
& Forbes, 2002, 2003) at the model lower boundary. The simulations were performed beginning on day 91
(1 April), though we focus our attention on the simulation results for day 95 (5 April).

The period encompassing the 5 April 2010 geomagnetic storm is simulated in the TIE-GCM using high-latitude
forcing from the AMIE procedure. AMIE is an assimilative technique that uses observations to obtain an esti-
mate of the high-latitude electrodynamic state (Lu et al., 1998, 2001; Richmond & Kamide, 1988). AMIE assim-
ilates observations of magnetic field perturbations (ground and space-based), ion drifts from the SuperDARN
radar network and DMSP satellites, and auroral precipitation from DMSP. We note that the magnetic observa-
tions are related to the electrodynamics through an estimate of the conductance, which represents a major
source of uncertainty in AMIE. AMIE provides the high-latitude electric potential and auroral particle pre-
cipitation on a 1.67∘ latitude by 10∘ longitude magnetic grid every 5 min. These serve as the high-latitude
forcing for the TIE-GCM. Specifically, the high-latitude ionosphere convection in TIE-GCM is provided by the
AMIE electric potential. This generates the Joule heating through ion-neutral interactions at high-latitudes,
and drives the global storm time changes in the thermosphere-ionosphere. Changes in the convection pat-
tern can also influence lower latitudes through prompt penetration electric fields. The TIE-GCM produces a
type of penetration electric field through numerical merging of the imposed high-latitude potential and the
calculated midlatitude potential over a 15∘ wide band of magnetic latitude (Richmond & Maute, 2013). This
numerical merging does not attempt to reproduce the actual physics of magnetosphere-ionosphere interac-
tions. To account for storm time expansion of the AMIE potential pattern, the latitude of the merging band
varies with time, as in Solomon et al. (2012). The high-latitude Joule heating is additionally influenced by the
auroral particle precipitation. The particle precipitation (mean energy and energy flux) is also estimated by
AMIE and used as forcing for the TIE-GCM.

We assess the impact of high-latitude forcing uncertainty by performing an ensemble of simulations with
perturbed AMIE forcing parameters (electric potential or auroral energy flux). It is desirable for the imposed
ensemble variability to be representative of the true uncertainty in the high-latitude forcing. For the present
study we assume that the electric field uncertainty is ∼100%, which is comparable to the climatological vari-
ability (e.g., Cosgrove & Thayer, 2006; Cousins & Shepherd, 2012; Matsuo et al., 2003; Matsuo & Richmond,
2008). Although this may appear to overestimate the uncertainty for an assimilative procedure such as AMIE,
it should be noted that the subgrid-scale electric field variability (i.e., small-scale electric fields) can reach
∼20 mV/m (Cousins & Shepherd, 2012). Subgrid processes alone can therefore contribute a significant frac-
tion of our assumed electric field uncertainty. It is reasonable to assume that errors due to, for instance,
conductance specification and data coverage, comprise the remainder of the uncertainty.

The ensemble of electric potentials was generated by multiplying the original AMIE potential patterns by
time series of red noise (xr) with xr

j = rxr
j−1 + xj

√
1 − r2, where r = 0.9, xj represent a time series of Gaussian

random noise with a mean of 1.0 and standard deviation of 2.5, and xr
1 = x1. The time series has a 5 min

cadence, which is the same as the AMIE time step. Ten distinct red-noise time series were generated for each
latitude-longitude grid point. We note that the red-noise time series at each grid point are independent. The
Northern and Southern Hemispheres are also considered independently. The electric potentials were subse-
quently filtered to remove variability with a longitudinal wave number greater than three. The filtering was
performed using a Fourier filter, and was done separately for each magnetic latitude and time. Without fil-
tering the spatially uncorrelated red-noise time series can lead to large gradients in the electric potential.
The resultant very large electric fields would be unrealistic and can result in numerical instabilities, so it was
necessary to apply a spatial filter to the electric potential.

An example of the electric potential and electric field intraensemble variability is shown in Figure 2. Figure 2
shows the ensemble mean and standard deviation of the electric potential, and the eastward and northward
electric field at 1000 UT on day 95. Note that throughout the following we consider the ensemble standard
deviation (also referred to as intraensemble variability) as representative of the uncertainty. From Figure 2 it is
evident that the variability of the electric field within the ensemble is on the order of 50–100% of the mean,
which is commensurate with our estimate of the electric field uncertainty. A more quantitative assessment of
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Figure 2. AMIE ensemble mean (a) potential, (b) eastward electric field, (c) northward electric field, and (d) energy flux
in the Northern Hemisphere at 1000 UT on day 95. (e–h) Same as Figures 2a–2d except for the ensemble standard
deviation. The results are shown in magnetic apex latitude and magnetic local time coordinates.
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Figure 3. Magnetic local time and magnetic apex latitude distribution of the standard deviation of the ensemble
electric field variability in the (a) Northern Hemisphere and (b) Southern Hemisphere. Results are based on electric field
variability between days 91 and 100, 2010 (1–10 April).

the ensemble electric field uncertainty is presented in Figure 3. Following Matsuo et al. (2003) the standard
deviation of the electric field is calculated as

𝜎E =

√∑
(E′

east)2

N
+

∑
(E′

north)2

N
(1)

where E′
east and E′

north are taken as perturbations from the ensemble mean, and N = 10t, where t (= 2,880) is
the number of times included in calculating the standard deviation. Magnetic local time and latitude distribu-
tions of 𝜎E calculated over days 91–100 in the Northern and Southern Hemispheres are shown in Figure 3. The
magnitude and spatial distribution of 𝜎E is nearly identical in the Northern and Southern Hemispheres. This is
expected due to the imposed variability being characteristically similar in both hemispheres. Although fewer
observations may lead to the true uncertainty being slightly larger in the Southern Hemisphere, we believe it
is reasonable to assume similar uncertainty in both hemispheres, especially given the aforementioned signif-
icant impact of subgrid-scale electric fields. It should be noted that although the electric field uncertainty is
similar between the two hemispheres this does not mean that its contribution to the high-latitude Joule heat-
ing and Ampere electromagnetic forcing itself is hemispherically symmetric, owing to conductivity and other
differences. That is, the energy and momentum inputs can still exhibit asymmetry even if the intraensemble
variability is similar between the two hemispheres. The spatial distribution of the electric field variability is
different compared to statistical satellite observations (e.g., Matsuo et al., 2003), which tend to have a single
maximum near 12 MLT, except during periods of southward Bz when the observations reveal maxima near
6 and 15 MLT. However, the magnitude of the ensemble electric field variability is within the range of the
observed large- and small-scale electric field variability (Cosgrove & Thayer, 2006; Cousins & Shepherd, 2012;
Matsuo et al., 2003; Matsuo & Richmond, 2008). The intraensemble variability of the high-latitude electric field
is thus considered to be generally representative of the uncertainty due to imperfect knowledge of the true
state of the high-latitude electrodynamics.

An additional set of experiments was performed where the ensemble was generated based on perturbing
the auroral energy flux. The ensemble was generated in a manner similar to the electric potential ensemble;
however, the initial Gaussian random noise had a mean and standard deviation of 1.0. In order to prevent
the energy flux from becoming negative, we limited the red-noise time series to values between 0.1 and
1.9. After applying the random perturbations, a three-point smoothing in latitude and longitude was applied
to the auroral energy flux. The smoothing was applied to avoid sharp gradients in the auroral precipitation.
The resultant precipitation does not include the small-scale structure that is present in the real aurora. The
small-scale structures are, however, not important for our study because small-scale structure of precipita-
tion does not significantly influence the global ionosphere and thermosphere, at least when compared to
the influence of small-scale structures in electric potential. Whereas small-scale electric potential structures
increase the overall electric field strength and Joule heating, small-scale precipitation structure mainly con-
tributes to comparable small-scale structure in Joule heating without having much influence on the spatially
averaged heating. Figures 2d and 2h show the ensemble mean and standard deviation for the energy flux at
1000 UT on day 95. The variability of the energy flux within the ensemble is ∼20–40%. The relatively smaller
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intraensemble variability for energy flux compared to electric field is due to bounding the multiplicative fac-
tor between 0.1 and 1.9, as well as the smaller standard deviation of the random noise. Nonetheless, we are
still able to assess whether or not the uncertainty in auroral energy flux is transferred into uncertainty in the
low-latitude and midlatitude ionosphere.

Two final experiments were performed in order to address the question of whether the altitude of auroral
energy deposition impacts the transmission of the high-latitude forcing uncertainty into the low-latitude and
midlatitude ionosphere. These experiments were performed using the ensemble of electric potentials and a
constant auroral mean energy of either 0.2 keV or 10 keV.

4. Results
4.1. Impact of Electric Field Variability
The ensemble mean and standard deviation for the change in the F region maximum electron density (NmF2)
at 0800, 1000, 1200, and 1400 UT on day 95 are shown in Figure 4. Results for 1600, 1800, 2000, and 2200 UT
are shown in Figure 5. The changes are calculated separately for each ensemble member relative to the same
universal time on day 94. That is, ensemble member 1 on day 95 is differenced from ensemble member 1 on
day 94, and likewise for ensemble members 2–10. Though we focus on the changes in NmF2, similar behavior
is seen in total electron content (TEC), which is expected in the TIE-GCM since the model domain is composed
largely of the F region ionosphere. The results at 0800 UT demonstrate that prior to the SSC the intraensemble
variability (represented by the standard deviation) is generally small (<20%), the exception being near dawn
when the background density is low. Results prior to 0800 UT (not shown) are similar, indicating that during
quiet times the uncertainty in the low-latitude and midlatitude ionosphere due only to high-latitude forc-
ing uncertainty is on the order of ∼20%. During the storm, the intraensemble variability in the low-latitude
and midlatitude ionosphere increases to ∼20–40% at nearly all longitudes (local times). Regions where the
intraensemble variability exceeds 100% are also apparent and occur in regions where the background density
is large (i.e., daytime). In these regions the intraensemble variability reaches levels similar in magnitude to the
ensemble mean changes. These results clearly demonstrate that the intraensemble variability in high-latitude
electric fields is transmitted to the low-latitude and midlatitude ionosphere. To the extent that the imposed
differences in high-latitude electric fields represent uncertainty in knowledge of the true electric fields, the
intraensemble variability of the change in NmF2 reflects the uncertainty in the modeled ionospheric response
to the geomagnetic storm. We therefore conclude based on the results in Figures 4 and 5 that there can
be significant uncertainty in simulations of the low-latitude and midlatitude ionosphere response to a geo-
magnetic storm due to uncertainty in high-latitude forcing. The mechanisms responsible for propagating the
high-latitude forcing uncertainty to lower latitudes will be discussed in section 4.3.

As an example of how differences in high-latitude forcing are reflected in the ionosphere, Figure 6 shows the
change in NmF2 at 1800 UT on day 95 for all 10 ensemble members. All of the ensemble members exhibit the
same general patterns of increases and decreases in NmF2. However, clear differences among ensemble mem-
bers are evident in both the magnitude of the variability and the spatial structure. For example, the Southern
Hemisphere enhancement in ensemble member 3 (Figure 6c) occurs ∼60∘ eastward of the enhancement in
ensemble member 5 (Figure 6e). Analogous to ensemble based tropospheric numerical weather prediction,
we consider the states shown in Figure 6 to reflect potential realizations of the real ionospheric state. However,
it should be noted that in this case the different realizations arise due to uncertain knowledge of the forc-
ing parameters, which is in contrast to the troposphere where different realizations are the result of chaotic
divergence from slightly different initial conditions.

The uncertainty due to the high-latitude electric field variability is not confined to the ionosphere. Uncertainty
is also seen in the thermosphere as illustrated in Figures 7 and 8, which show the ensemble mean and standard
deviation for the change in column atomic oxygen to nitrogen ratio (ΣO/N2) and horizontal neutral wind at
TIE-GCM pressure level 3.0 (∼ 300 km) at 0800, 1200, 1600, and 2000 UT. The ΣO/N2 is calculated following
Strickland et al. (2004) by separately integrating O and N2 from the top of the atmosphere downward until
the integrated column N2 reaches 1017 cm−2, and then taking the ratio between the integrated O and N2. The
ΣO/N2 intraensemble variability is typically 15–25% at midlatitudes during the storm, with local maxima of
nearly 50%. The largest regions of uncertainty tend to be along the boundary that separates the decrease at
higher latitudes from the increase at lower latitudes. This indicates uncertainty in the location of the boundary
region. Uncertainty in the simulated neutral winds can also approach 50% of the storm-driven wind changes.
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Figure 4. The TIE-GCM ensemble mean change in NmF2 on day 95 (5 April) at (a) 0800, (b) 1000, (c) 1200, and
(d) 1400 UT. (e–h) The corresponding ensemble standard deviations. The change is calculated relative to the same
universal time on day 94.
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Figure 5. The TIE-GCM ensemble mean change in NmF2 on day 95 (5 April) at (a) 1600, (b) 1800, (c) 2000, and
(d) 2200 UT. (e–h) The corresponding ensemble standard deviations. The change is calculated relative to the same
universal time on day 94.

This is especially true at high latitudes where the intraensemble differences in electric fields lead to large
differences in neutral winds due to ion-neutral coupling. Large intraensemble variability also occurs at low
latitudes during the initial phase of the storm (1200 UT). This may be due to different phasing of traveling
atmospheric disturbances.

4.2. Impact of Auroral Precipitation Variability
We now turn our attention to understanding the impact of auroral energy flux variability on the low-latitude
and midlatitude ionosphere. Figure 9 shows the ensemble mean and standard deviation of the change in
NmF2 at 1600, 1800, 2000, and 2200 UT on day 95. The results in Figure 9 can be compared with the corre-
sponding results in Figure 5 for the ensemble generated by perturbing the electric potential. Note, however,
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Figure 6. The TIE-GCM change in NmF2 on day 95 (5 April) at 1800 UT for individual ensemble members. The change is
calculated relative to the same universal time on day 94.

the different scales for the ensemble standard deviation in Figures 5 and 9. Comparison of Figures 5 and 9
reveals that the ensemble mean changes in NmF2 are similar between the two different experiments. Inter-
estingly, areas that show disagreement, for example, the enhancement in Figure 9c between −60∘E to 0∘E
and ∼20∘N at 2000 UT, also have larger standard deviations indicating uncertainty in the simulated change
in NmF2. Although the mean changes are similar between the two experiments, there is a significant differ-
ence in the intraensemble variability. At low latitude and midlatitude, generating the ensemble by perturbing
the auroral energy flux has a negligible impact, and this is reflected in the standard deviations being only
on the order of ∼5%, which is 10–20 times weaker than the intraensemble variability due to perturbing the
potential. The lack of intraensemble variability at low-latitude and midlatitudes is hypothesized to be due to
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Figure 7. The TIE-GCM ensemble mean change in column O/N2 on day 95 (5 April) at (a) 8000, (b) 1200, (c) 1600, and
(d) 2000 UT. (e–h) The corresponding ensemble standard deviations. The change is calculated relative to the same
universal time on day 94.

significantly less intraensemble variability in high-latitude Joule heating in the auroral energy flux ensemble
compared to the electric potential ensemble (not shown). This suggests that uncertainty in Joule heating at
high latitudes is an important source of uncertainty in the ionosphere response to geomagnetic storms at
low latitude and midlatitude. The uncertainty in auroral energy flux does have a greater influence at high lat-
itudes. This is not entirely surprising since the energy flux variability leads to differences in the ionization in
the auroral zone, which can lead to large variability in NmF2. However, the auroral precipitation uncertainty
results in uncertainty in the ionosphere that is generally confined to the auroral zone, and its impact on
the uncertainty at low-latitude and midlatitude is negligible compared to uncertainty due to high-latitude
electric fields.
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Figure 8. Same as Figure 7 except results are shown for horizontal neutral winds at TIE-GCM model level +3.

The ensemble mean and standard deviation for the change in NmF2 at 0800, 1000, 1200, and 1400 UT on day 95
for the experiments with constant auroral mean energy of 0.2 keV and 10 keV are shown in Figures 10 and 11,
respectively. In these experiments the ensemble was generated using the same ensemble of high-latitude
electric potentials as the simulations discussed in section 4.1. Note that Figures 10 and 11 should not be
directly compared with the previous results since we have only changed the mean energy and it is both spa-
tially and temporally uniform. Comparing the results in Figures 10 and 11, it is seen that greater intraensemble
NmF2 variability occurs in the 0.2 keV case compared to the 10 keV case. According to Fang et al. (2010), auro-
ral precipitating electrons of 0.2 keV dissipate energy mostly above 200 km, whereas the energy deposition
of 10 keV electrons peaks around 110 km. These two ensembles thus differ in the altitude of energy deposi-
tion, and we can conclude that even for a fixed amount of electric field variability the nature of the auroral
particle precipitation impacts the degree to which the electric field uncertainty is transferred to lower lati-
tudes. In particular, the deposition of energy at higher altitudes leads to a greater impact on the low-latitude
and midlatitude F region ionosphere. This result is consistent with Deng et al. (2011) and Huang et al. (2012),
who demonstrated that high-altitude Joule heating has a greater impact on the thermosphere at F region
altitudes. Given that the storm time ionosphere F region variability is primarily driven by large-scale changes
in thermosphere circulation (e.g., Fuller-Rowell et al., 1994), it is expected that the experiment with 0.2 keV
electrons, which dissipate energy at higher altitudes and should have a greater impact on the thermosphere
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Figure 9. Same as Figure 5 except results are shown for the experiment where the ensemble is generated by perturbing
the AMIE auroral energy flux.

circulation, will have a greater impact on the ionosphere. It should, however, be noted that the effect of the
altitude of energy dissipation is secondary compared to the amount of intraensemble variability generated
by the high-latitude electric field uncertainty.

4.3. Sources of Low-Latitude and Midlatitude Ionosphere Variability
Our focus now turns toward understanding the mechanisms behind the intraensemble variability in the
low-latitude and midlatitude ionosphere. The primary mechanisms responsible for storm-time changes in the
F region ionosphere are changes in electric fields, neutral composition, and neutral winds (e.g., Buonsanto,
1999; Fuller-Rowell et al., 1994; Mendillo, 2006; Prölss, 1995). One may therefore surmise that, at least to
first order, the intraensemble variability in the ionosphere electron density can be related to similar variabil-
ity in either the electric fields, neutral composition, or neutral winds. Figure 12 shows the ensemble mean
changes and standard deviations for O/N2, field-aligned neutral wind (U||), and vertical ion drift velocity (Wi)
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Figure 10. Same as Figure 4 except results are shown for the experiment where the AMIE auroral mean energy is a
constant 0.2 keV.

at the magnetic equator at 1000 UT on day 95. The results in Figure 12, and throughout the following, are for
the ensemble generated by perturbing the electric potential. The results are for TIE-GCM pressure level 3.0
(∼300 km), which can be taken as representative of the values throughout the F region. Note that in Figure 12,
and for the following correlation analysis, we use O/N2 at TIE-GCM pressure level 3.0 instead ofΣO/N2, since we
are interested in the O/N2 changes that occur near the F region peak height. There are large changes in all three
parameters, and, similar to the changes in NmF2, the intraensemble variability can be significant. The ensem-
ble standard deviations reach values that are 50–100% of the magnitude of the ensemble mean changes. It
should again be noted that the intraensemble variability in O/N2 and U|| tends to maximize near the edges
of enhancements or depletions. This indicates that the location of composition and traveling atmosphere
disturbance boundaries should be considered with some uncertainty in the numerical simulations.

Although Figure 12 provides some insight into the possible sources of the ionospheric intraensemble vari-
ability, it is not immediately clear which mechanism dominates either the ionospheric mean change or its
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Figure 11. Same as Figure 4 except results are shown for the experiment where the AMIE auroral mean energy is a
constant 10 keV.

uncertainty. To better understand the source mechanisms we have performed a multiple linear regression
analysis. The regression analysis has the form

NmF2 = a0 + a1 ⋅ O∕N2 + a2 ⋅ U|| + a3 ⋅ Wi (2)

where a0, a1, a2, and a3 are the regression coefficients to be estimated, and Wi is the vertical ion drift velocity at
the magnetic equator. In the regression analysis, values at TIE-GCM pressure level 3.0 are used for O/N2, U||, and
Wi. Note that since we have an ensemble of simulations, it is possible to determine the relationship between
NmF2 and the different drivers. The regression coefficients are estimated using the three quiet days (day of
year 92–94, 2–4 April) prior to the storm day, and unique values are estimated for each latitude-longitude
grid point and universal time. To account for the time delay between the response of the low-latitude F region
electron density and the equatorial vertical ion drift velocity, we use a 1 h time delay for the vertical ion
drift velocity. Furthermore, for a given latitude-longitude grid point, we only consider the vertical drift at the
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Figure 12. The TIE-GCM ensemble mean change in (a) O/N2, (b) U|| , and (c) Wi on day 95 at 1000 UT. Results are shown
for TIE-GCM pressure level +3.0 (∼300 km). (d–f ) The corresponding ensemble standard deviations. The changes are
calculated based on the same universal time on day 94.

magnetic equator for the same geographic longitude in the regression analysis. Our assumption in the
regression analysis is that the same relationships hold during both quiet and disturbed time periods. It is
probable that this is not an entirely valid assumption, and should be considered a source of uncertainty in the
regression analysis.

From the regression coefficients it is possible to calculate the expected storm time change in NmF2 based
solely on the changes in O/N2, U||, and Wi for each ensemble member. The ensemble mean and standard
deviation for the change in NmF2 can then be calculated based on the different drivers to gain insight into
both the primary driver of the change in NmF2 and its uncertainty. Figure 13 shows the ensemble mean and
standard deviation for the change in NmF2 at 1000 UT on day 95 based on the multiple linear regression anal-
ysis. Results are shown for including all terms as well as for the individual terms. Comparison of the results
in Figures 13a and 13e with those in Figures 4b and 4f reveals that at this universal time the ensemble mean
from the multiple linear regression generally reproduces the actual ensemble mean change in NmF2. The
intraensemble variability is also similar. Considering the individual terms, it is clear that the low-latitude and
midlatitude changes in NmF2 at 1000 UT are dominated by the changes in Wi , with an additional contribution
from U||. The intraensemble variability is also largely driven by uncertainty in the vertical drift and field-aligned
neutral wind.

Two additional examples of the multiple linear regression analysis are shown in Figures 14 and 15. These
figures show the results for 1400 and 2000 UT, respectively. In contrast to the results at 1000 UT, the multiple
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Figure 13. The ensemble mean change in NmF2 on day 95 at 1000 UT calculated based on the changes in (a) Wi , U||,
and O/N2, (b) only Wi , (c) only U||, and (d) only O/N2. (e–h) The corresponding ensemble standard deviations. The
changes are calculated based on the same universal time on day 94.

linear regression analysis at these later times reveals that the change in NmF2 and intraensemble variabil-
ity are driven by multiple sources. At 1400 UT including all of the terms again captures a large portion of
the ensemble mean change and intraensemble variability. There are, however, notable differences such as
the increase near 180∘E longitude in the regression analysis that is not present in the ensemble mean. The
regression analysis reveals that the change in NmF2 is primarily driven by the change in U||, with Wi con-
tributing to the decreases in NmF2 around 90–150∘E and 110–150∘W longitude, as well as an increase near
180∘E. Uncertainties in the field-aligned neutral wind are also the dominant contributor to the intraensemble
variability in NmF2. This demonstrates that the source of uncertainty in the low-latitude and midlatitude iono-
sphere geomagnetic storm response evolves with time as the storm progresses. That is, no single mechanism
is responsible for generating the uncertainty in the low-latitude and midlatitude ionosphere response to the
geomagnetic storm.
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Figure 14. Same as Figure 13 except the results are shown for 1400 UT.

The results at 2000 UT (Figure 15) illustrate a time when the multiple linear regression is considerably less effec-

tive at elucidating the sources of the change in NmF2. In this case, the regression analysis does not adequately

capture the true ensemble mean changes in NmF2 (Figure 5c). At 2000 UT the changes in the vertical drift

incorrectly predict an enhancement in NmF2 in the Northern Hemisphere between −60∘E and 0∘E longitude.

Other incorrect enhancements occur in the low-latitude and midlatitude region due to the changes in O/N2.

We note that although at times the multiple linear regression analysis can provide useful information, it does

not always work as illustrated by the results in Figure 15. The breakdown of this approach may occur for sev-

eral reasons. First, the variability of the ionosphere-thermosphere system is complex, and the multiple linear

regression analysis represents an oversimplification of the complex processes that generate a change in NmF2.

Second, we have assumed that similar relationships hold between quiet and storm times, thus discounting

any changes in the relationships that may occur during storm times. Third, for the field-aligned neutral wind

and composition we have neglected nonlocal effects as well as any potential time delays. Last, the ensemble
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Figure 15. Same as Figure 13 except the results are shown for 2000 UT.

size is relatively small, which may lead to uncertainties in the estimated regression coefficients. Despite these
shortcomings, the regression analysis can provide useful information at times, such as illustrated in Figures 13
and 14.

5. Conclusions

The present study has investigated the degree to which uncertainty in high-latitude forcing is transferred into
uncertainty in the low-latitude and midlatitude ionosphere response to a geomagnetic storm. The TIE-GCM
ensemble simulations with perturbed AMIE high-latitude forcing clearly demonstrate that high-latitude
electric field uncertainty generates significant uncertainty in the low-latitude and midlatitude ionosphere.
In contrast, the impact of uncertainty in auroral energy flux on the ionosphere is generally confined to
high-latitudes, and has only a minor influence on the uncertainty at low-latitude and midlatitude. Multi-
ple linear regression analysis revealed that the uncertainty in the low-latitude and midlatitude ionosphere
response to the geomagnetic storm can be driven by corresponding uncertainty in equatorial electric fields,
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neutral winds, and/or neutral composition, and the dominant driver of the low-latitude and midlatitude iono-
spheric uncertainty evolves throughout the storm. The electric fields appear to dominate the uncertainty
initially, with uncertainty in neutral composition, and neutral winds being the primary sources of uncertainty
on longer time scales. The present study has only considered the April 2010 geomagnetic storm. Although
we believe that the general conclusion regarding the impact of high-latitude electric field uncertainty on
the low-latitude and midlatitude ionosphere will hold true for other geomagnetic storms, it is likely that the
relative contribution of the sources of uncertainty will be different for other geomagnetic storms.

Ionosphere-thermosphere simulations typically treat the effects of geomagnetic storms as deterministic.
That is, for given high-latitude forcing the model simulations give a single answer for how the ionosphere-
thermosphere changes due to the geomagnetic storm. Though useful, the downside of this approach is
that it does not provide any insight into the uncertainty in the ionosphere-thermosphere response to the
geomagnetic storm that may be due to uncertainty in the forcing parameters. Given that there are known
deficiencies in the specification of high-latitude electric fields on both small and large scales (Cosgrove &
Thayer, 2006; Cousins & Shepherd, 2012; Matsuo et al., 2003; Matsuo & Richmond, 2008), we consider it
important for numerical simulations to consider these forcing uncertainties, and how they may impact the
ionosphere-thermosphere globally. The approach taken in the present study represents a first step toward
developing a comprehensive understanding of the uncertainty in ionosphere-thermosphere simulations due
to the high-latitude forcing uncertainty. The ensemble approach taken in the present study may also be use-
ful for space weather nowcasting and forecasting, since it potentially provides a more realistic representation
of the range of possible upper atmospheric states.

Developing an understanding of the uncertainty in ionosphere-thermosphere simulations is valuable for
interpreting simulation results. The present study has only investigated the potential uncertainty in the
low-latitude and midlatitude ionosphere that arises due to high-latitude forcing uncertainty for a single geo-
magnetic storm. The results for different storms may vary. It is also important to recognize that our results
are based on an assumed level of uncertainty in the high-latitude forcing. Although we believe our assumed
high-latitude forcing uncertainty is generally representative of the true uncertainty, if we assumed larger or
smaller uncertainty in the high-latitude forcing, then the uncertainty in the ionosphere would correspond-
ingly increase or decrease. It is therefore critical to fully understand the uncertainties in the high-latitude
forcing parameters, as well as how improvements in estimating the high-latitude forcing can reduce the uncer-
tainty in geomagnetic storm simulations. For example, the conductivity model is known to be a significant
error source in AMIE, and improved specification of the conductivity should reduce the overall uncertainty.
However, the extent that this will reduce the uncertainty, and how this may translate to the simulated uncer-
tainty in the ionosphere-thermosphere globally, is unknown. It should also be noted that additional sources
of uncertainty exist in ionosphere-thermosphere simulations. These include deficiencies in the models them-
selves; for example, inability to capture small-scale processes due to limited spatial resolution, as well as
inadequate representation of certain chemical and physical processes. Specification of the lower atmosphere
forcing is also a source of uncertainty. In the present study we have neglected these additional sources. Future
studies are required in order to understand the relative importance of the different sources of uncertainty.
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