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Abstract

Forecasting conditions in the thermosphere and ionosphere is a key outcome expected
from space weather research. In this work, we perform numerical simulations using the
first-principles models Global Ionosphere Thermosphere Model (GITM) and Thermo-
sphere Ionosphere Electrodynamics General Circulation Model (TIE-GCM) to address

the reliability of thermospheric-ionospheric forecasts. When considering forecasts appli-
cable to periods of geomagnetic activity, careful consideration is required of model inputs,
which largely determine how the models will simulate disturbed conditions. We adopt an
approach to drive the models with solar wind parameters and the 10.7 cm solar radio flux.
This aligns our investigation with recent research and operational activities to forecast so-
lar wind conditions at the Earth a few days in advance. In this work, we examine a weak
geomagnetic storm, the June 2012 high-speed-stream event, for which we drive GITM and
TIE-GCM with observed solar wind and F10.7 values. We find general agreement be-
tween the simulations and observation-based Global Ionospheric Maps of the total electron
content (TEC) response. However, overestimated TEC response is found in the middle-low
latitudinal region of the American sector and surrounding areas for both GITM and TIE-
GCM during similar time periods. By conducting numerical modeling experiments and
comparing the modeling results with observational data, we find that the overestimated
TEC response can be almost equally attributed to the solar wind driving and F10.7 driving
during the June 2012 event. We conclude that the accuracy of the high-latitude electric
field and the solar irradiance are crucial to reproduce the TEC response in forecastable-

mode modeling.

1 Introduction

As a component of space weather, the terrestrial thermospheric and ionospheric re-
sponses to the varying conditions on the Sun and in interplanetary space have been exten-
sively studied. These studies provide not only improved understanding of the thermosphere-
ionosphere system but also create the possibility of forecasting conditions in the upper
atmosphere with lead times extending to a few days. As of today, research into forecast-
ing thermospheric and ionospheric conditions can be achieved with numerical models of
the upper atmosphere, including data-assimilative models and fully physics-based mod-
els [Keil, 2007; Schunk et al., 2005, 2012, 2014; Mannucci et al., 2015]. Data-assimilative

models have been used for short-term (a few hours) forecasts [Schunk et al., 2004; Mat-
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suo et al., 2013; Chartier et al., 2016; Chen et al., 2016]. To achieve forecasts with a-
few-day lead times, one must forecast the solar drivers that strongly influence the thermo-
spheric and ionospheric response to geomagnetic disturbances. Fortunately, fully physics-
based models [Richmond et al., 1992; Roble and Ridley, 1994; Millward et al., 1996; Huba
et al., 2000; Ridley et al., 2006] are able to accept such drivers as input, and thus can in
principle be used for a-few-day lead time forecasts as long as forecasted solar drivers

are available. While this research area is still in its early stages, solar wind and solar ir-
radiance forecasts are major focuses of the space weather research effort [Owens et al.,
2008; Jian et al., 2015; Henney et al., 2015; Warren et al., 2017]. Therefore, we investigate
thermospheric-ionospheric forecasts with a lead time of a few days from the perspective
that reliable solar forecasts will eventually be available a few days ahead. We refer to fore-

casts with a-few-day lead time as “medium range” forecasts in the rest of the paper.

The quantity of research on medium range forecasting of the thermosphere-ionosphere
system is at present somewhat limited [Mannucci et al., 2016; Shim et al., 2017]. To gain
a quantitative understanding of how accurate a medium range thermospheric-ionospheric
forecast might be, we perform simulations with fully physics-based models, using inputs
that can be derived from medium range solar wind and solar irradiance forecasts. The
models will not produce a perfect forecast even if the medium range drivers are forecasted
perfectly. This aspect of forecast error is our primary focus in this paper. We defer to fu-
ture work the assessment of thermospheric-ionospheric forecasts that are driven by im-
perfect solar wind and solar irradiance forecasts. Meng et al. [2016] reports our initial
attempt to formulate ionospheric total electron content (TEC) forecasting with the fully
physics-based Global Ionosphere-Thermosphere Model (GITM) and address its forecasting
performance across multiple geomagnetic storms caused by high-speed solar wind streams.
That study analyzed a specific case of a forecast missing an observed TEC change. A de-
tailed analysis was performed of the different terms leading to electron density changes
in the model, but a dominant cause of the forecast error was not determined. In this pa-
per, we present a detailed examination of a case when the forecasts from the physics-based
models, GITM and Thermosphere Ionosphere Electrodynamics General Circulation Model
(TIE-GCM) both significantly overestimate an observed TEC change during the June 2012
high-speed-stream storm and perform modeling experiments to identify the causes of the

overestimation.
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For this study, GITM and TIE-GCM are driven solely by the solar wind conditions
(interplanetary magnetic field data included) measured upstream of the magntosphere and
the 10.7 cm solar radio flux (F10.7 flux). We consider our model runs to be medium range
“forecastable-mode” modeling in the sense that, were solar wind and F10.7 flux inputs
available a few days ahead, the models would produce medium range forecasts. Typically,
GITM and TIEGCM simulations are conducted with inputs that are not available in ad-
vance, such as the auroral hemispheric power index and solar irradiance data based on
satellite measurements. Several studies in the literature have performed model runs using
inputs based on observations from ground magnetometers and radars along with satel-
lites [e.g., Shiokawa et al., 2007; Lu et al., 2015; Verkhoglyadova et al., 2016]. Currently
there is no proposed method to forecast such observations, so analyzing model runs based
on inputs derived from these observations does not directly address quantitative assess-
ment of medium range thermospheric-ionospheric forecasts. Instead, we expect medium
range forecasts of the near-Earth solar wind and F10.7 flux to be used in thermospheric-
ionospheric forecasts. The F10.7 flux input for GITM and TIE-GCM “forecastable-mode”
modeling consists of daily F10.7 flux and 81-day center-averaged F10.7 flux. The medium
range forecast of 81-day center-averaged F10.7 flux requires a forecast of daily F10.7 flux
at least 40 days in advance. The 45-day forecast of daily F10.7 flux is available at the
Space Weather Prediction Center (https://www.swpc.noaa.gov/products/usaf-45-
day-ap-and-£107cm-flux-forecast) and has also been constructed by Warren et al.

[2017].

The following content of the paper has four parts. Section 2 describes the June 2012
storm event, the forecastable-mode inputs for GITM and TIE-GCM, as well as the mod-
eling experiments. Section 3 presents results from the modeling experiments. Section 4
discusses the implications of the results for future thermospheric-ionospheric forecasts.

Section 5 concludes the paper.

2 Methodology
2.1 Event Description

The June 2012 geomagnetic storm is a weak event driven by a high-speed solar
wind stream. The solar wind and geomagnetic conditions from the OMNI 1-minute reso-

lution data (http://omniweb.gsfc.nasa.gov) are depicted as the black lines in Figure 1 (The
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Figure 1. The interplanetary conditions and geomagnetic activity indices for the June 2012 event from the
OMNI data (black) and constructed quiet solar wind (blue). The interplanetary conditions from OMNI are
input to the original forecastable-mode GITM and TIE-GCM runs, while the quiet solar wind is used to drive

modeling experiments 1 and 3 (see below).
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Figure 2. The daily (triangles) and 81-day center-averaged (squares) F10.7 solar flux indices for the June

2012 event. The actual values (black) are used to drive the original forecastable-mode GITM and TIE-GCM

runs, while the constructed quiet values (green) are for modeling experiments 2 and 3 (see below).

blue lines are used in a modeling experiment and are described later). The solar wind
corotating interaction region (CIR) encountered Earth during the final hour of June 29 and
lasted for more than 12 hours. During this time period, the interplanetary magnetic field
oscillated up to +/- 10nT along the y and z directions in the Geocentric Solar Magneto-
spheric (GSM) coordinate system (panels (b) and (c) of Figure 1). The solar wind speed
climbed from about 400 km/s to nearly 700 km/s (panel (d)). The density and temperature
increases (panels (g) and (h)) are typical solar wind features during CIR passages [Tsu-
rutani et al., 2006]. The geomagnetic activity indices showed mild disturbances: the AE
index rarely exceeded 1000 nT (panel (i)); the minimum SYM-H index was -35nT (panel
(4)), and therefore this is a weak storm [Gonzalez et al., 1994]. According to the SYM-H
index, the weak storm started at the end of June 29 and lasted for several days, at least

until July 3.

This event is under a special condition that the F10.7 flux increased rapidly and con-
tinuously before and during the storm days. The daily F10.7 flux, represented by the black
triangles in Figure 2, increased from 120 W/m?/Hz to above 170 W/m?/Hz from June

29 to July 2. In fact, although not shown in this figure, the daily F10.7 flux started to in-
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crease several days prior to June 29. This continuous increase was due to a few active re-
gions on the Sun rotating into view. The event offers a special case when the thermosphere-
ionosphere system is exposed to both storm-inducing interplanetary structures and signif-
icant solar irradiance variations. With the help of controlled numerical modeling experi-
ments, one could possibly isolate and identify the ionospheric response to each of the two

drivers.

2.2 GIM Data Description

We use Global Ionosphere Maps (GIM) from JPL [Mannucci et al., 1998] as a ref-
erence to compare the forecastable-mode modeling results to. The GIM provides inter-
polated total electron content (TEC) from a global ground network of Global Position-
ing System (GPS) receivers and is found to be an accurate representations of the verti-
cal ionospheric TEC particularly over continents where GPS ground receivers are ample
[Hernandez-Pajares et al., 2009; Yasyukevich et al., 2010]. Comparisons between the GIM
TEC and independent TEC measurements from the TOPEX altimeter have shown that the
GIM algorithm is accurate up to 2000 km from a reference ground GPS station. In partic-
ular, the difference between the GIM TEC and the TOPEX TEC is less than 1.5 TECU for
regions within 1500 km from a ground GPS station [Ho et al., 1997; [ijima et al., 1999].
The accuracy of GIM TEC reduces with the increasing distance from a GPS ground sta-

tion.

Figure 3 shows the locations of the ground GPS stations (red dots) over the Ameri-
can sector. These were the stations from which the data were collected and used to obtain
the GIM during the focused period of this study (This particular map applies to July 1,
2012 but is applicable to other days during late June and early July of 2012 as well). The
green rectangle represents the local region of interest, for which we will analyze the TEC
and compare to the TEC from the forecastable-mode modeling. This local region, 85°W
- 65°W and 45°S - 25°S, is filled by a number of GPS ground stations, and the distances
from these stations to the margins of the local region fall within 1500 km. Therefore, we
expect that the GIM TEC accuracy in the local region is sufficient to support the conclu-
sions in this study. The vertical green line marks the geographic longitude of 75°W, where
we will extract a meridional cut from GIM TEC a nd compare it to the forecastable-mode

modeling resutls. Since there are almost always stations within 1500 km along the 75°W
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Figure 3. GPS sites (red dots) over the American sector used for generating the GIM TEC on July 1, 2012.
The vertical green line represents geographic longitude 75°W. The green rectangle represents the geographic

region of 85°W - 65°W, 45°S - 25°S.

meridian, except for the high-latitude region in the southern hemisphere, we expect that

the GIM TEC along 75°W is accurate to use as a reference TEC.

2.3 Forecastable-mode Modeling Description

We conducted forecastable-mode ionospheric modeling for the June 2012 event with
two state-of-the-art models: Global Ionosphere-Thermosphere Model (GITM) [Ridley
et al., 2006] and Thermosphere Ionosphere Electrodynamics General Circulation Model

(TIE-GCM) [Richmond et al., 1992; Roble and Ridley, 1994].

GITM is a three-dimensional physics-based model that solves for the non-hydrostatic
continuity, momentum, and energy equations for the upper atmosphere between around
100 km and 600 km altitudes. The computational grid is a flexible Cartesian grid based
on geographic longitude, latitude, and altitude. The initial and lower boundary condi-
tions, including neutral densities, temperature and velocities, are defined by empirical
models Mass Spectrometer and Incoherent Scatter (MSIS) [Hedin, 1991] and Horizontal
Wind Model (HWM) [Drob et al., 2008]. GITM has several options of specifying the so-

lar irradiance, the high-latitude electric field, and the auroral particle precipitation. For
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a forecastable-mode simulation, we require that the model inputs are all forecastable in

the sense that they can be derived from a forecast of the solar wind upstream of the mag-
netosphere, and the F10.7 flux. Therefore, we drive GITM with 1) the solar wind data

at 1 AU, which provides the high-latitude electric field via the Weimer empirical model
[Weimer, 2005a,b] and the auroral particle precipitation pattern via the OVATION (Oval
Variation, Assessment, Tracking, Intensity, and Online Nowcasting) Prime model [Newell
et al., 2009], and 2) the daily and 81-day center-averaged F10.7 indices, which provides
the solar irradiance primarily via empirical models EUVAC [Richards et al., 1994], To-
biska91 [Tobiska, 1991], Hinteregger [Hinteregger, 1981], and Woods and Rottman [Woods
and Rottman, 2002] for different wavelength channels. The grid resolution for the forecastable-
mode GITM run is set to be 3.3° in longitude, 1° in latitude, and 1/3 of the local scale

height in the vertical direction.

TIE-GCM [Qian et al., 2014; Maute, 2017] is another three-dimensional physics-
based model of the upper atmosphere. It has similar core equations and boundary con-
ditions as GITM, but it is also different from GITM in many aspects. A significant dif-
ference is that TIE-GCM assumes hydrostatic equilibrium while GITM does not. Other
differences include: the computation of middle-low latitude electrodynamics, vertical grid
setting and spacing, numerical scheme, etc. Similar to GITM, TIE-GCM can be driven
by various options for specifying the solar irradiance [Qian et al., 2008; Solomon et al.,
2011], the high-latitude electric field, and the auroral particle precipitation. For a forecastable-
mode TIE-GCM simulation, we drive the model with the same inputs as for GITM: the
solar wind at 1 AU as well as daily and 81-day center-averaged F10.7 indices. The so-
lar wind inputs are used by the Weimer model to provide the high-latitude electric field
[Solomon et al., 2012], and the F10.7 indices are used to specify the solar irradiance via
empirical models [Solomon and Qian, 2005]. Unlike GITM, the auroral particle precipi-
tation is computed based on the hemispheric power, which is based on an empirical rela-
tionship using the interplanetary magnetic field and the solar wind velocity [Emery et al.,
2008]. The forecastable-mode TIE-GCM run uses Version 2.0 of TIEGCM, and the hori-

zontal grid resolution is set to be 5° in both longitude and latitude.

To evaluate the storm-time TEC response to the June 2012 event, we identify June
29 as the pre-storm day or quiet day, with a daily Ap index of 5. The forecastable-mode
GITM simulation begins on June 21 and ends on July 2, with the first eight days as a

"warm up" period. The forecastable-mode TIE-GCM simulation was carried out at the
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Community Coordinated Modeling Center, and it had a 20-day “warm up” period as a
convention. The “warm up” period, for either GITM or TIE-GCM, is to stabilize the model
solution over a course of multiple days. The model solutions from GITM and TIE-GCM
at the end of their “warm up” periods were examined to make sure that the solutions are
stable. The simulated quiet-time baseline TEC is subtracted from the simulated storm-
time TEC to obtain the difference TEC, which represents the ionospheric response to the
storm event. Figure 4 displays global maps of the TEC at 18UT on the quiet day June

29, at 18UT on the second day of the storm, July 1, and the difference TEC obtained by
subtracting the quiet-time TEC shown in the left column from the storm-time TEC shown
in the middle column. The TEC maps from GITM, TIE-GCM, and GIM are displayed

in three rows from top to bottom, respectively. Overall, the TEC values from GITM and
TIE-GCM share similarities with GIM TEC. However, both GITM and TIE-GCM produce
a significant TEC enhancement over the south American sector and the surrounding ocean
areas, which is absent in the GIM difference TEC map. For GITM, the maximum TEC in-
crease in this region reaches 20 TECU (against a quiet-time background of ~35 TECU);
for TIE-GCM, the maximum TEC increase is less yet still around 10 TECU (against a
quiet-time background of ~35TECU). This TEC enhancement in the models is not tem-
porary but persists for almost the entire storm period, whenever the region is experienc-
ing a local daytime. For GITM, such enhancement has a larger longitudinal span than for
TIE-GCM, as indicated by the narrow red band in panel (c) that covers more than 240 de-
grees in longitude. The similarity between GITM and TIE-GCM simulation results over
the south American sector is particularly interesting given the many differences between

the two models.

2.4 Modeling Experiments

To analyze the cause of the overestimation of the TEC response generated by both
GITM and TIE-GCM, we perform experiments with both models. Since a forecastable-
mode simulation is only driven by solar wind conditions and daily and 81-day averaged
F10.7 indices, and recalling that the daily F10.7 index rose rapidly during the storm, we
design the following three modeling experiments to evaluate the contribution of individual

drivers to the overestimation of the TEC response:

+ Test 1: simulation driven by a quiet solar wind and the actual F10.7 index

This article is protected by copyright. All rights reserved.
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Figure 4. TEC maps from forecastable-mode GITM simulation (top row), forecastable-mode TIE-GCM
simulation (middle row), GIM based on GPS-derived TEC data (bottom row). The quiet-time TEC map at
18UT on June 29, the storm-time TEC map at 18UT on July 1, and the difference TEC map at 18UT by sub-
tracting the quiet-time TEC map at 18UT on June 29 from the storm-time TEC map at 18UT on July 1 are
displayed in the left, middle, and right column, respectively. The black rectangle in panels (c), (f), (i) marks

the region of interest, 85°W - 65°W and 45°S - 25°S.
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+ Test 2: simulation driven by a quiet F10.7 index and the actual solar wind condi-

tions

+ Test 3: simulation driven by a quiet solar wind and a quiet F10.7 index

Figure 1 shows the actual solar wind conditions in black and the synthesized quiet
solar wind conditions in blue. The quiet solar wind is generated by mirroring the solar
wind before the storm, starting at 12 UT on June 29, so the blue lines represent a back-
ward propagating solar wind between O UT on June 26 and 12 UT on June 29. Synthesiz-
ing the solar wind input in this way not only retains the small oscillations from the actual
solar wind parameters, but also avoids any discontinuities at the transition between the ac-
tual solar wind and the artificial quiet solar wind. Comparing the quiet solar wind to the
actual solar wind between June 29 and July 2, the quiet solar wind no longer contains the

CIR and the high-speed stream conditions that trigger the storm.

The F10.7 index is displayed in Figure 2. The synthesized quiet daily F10.7 index,
represented by the green triangles, remains unchanged after June 29. The quiet 81-day
center-averaged F10.7 index is calculated based on the quiet daily F10.7 index. By keep-
ing the daily F10.7 index the same level during the storm days, the solar irradiance in the

simulations remains the same as well.

All experiments are performed the same way as the original forecastable-mode runs
for the same time interval. According to the design of the experiments, Test 1 would yield
the ionospheric response to the increasing F10.7 index, Test 2 would produce the iono-
spheric response to the CIR and high-speed solar wind stream, and Test 3 would provide
a baseline quiet ionosphere condition. Comparisons among the original run, Test 1, Test 2
and Test 3 would reveal the individual impact of the two drivers, the solar wind and F10.7

index, to the overestimation of the TEC response, for both GITM and TIE-GCM.

3 Results

We look into details of the modeling experiment results including the temporal and
spatial variations of the TEC, the low-latitude electric field, the vertical ion drift, the solar

irradiance spectrum, and the ion production rate via photoionization.

We select a small local geographic region 85°W - 65°W and 25°S - 45°S, maked as

the green rectangle in Figure 3 and the black rectangle in Figure 4(c), (f), (i), where both
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GITM and TIE-GCM forecastable-mode simulations show an overestimated TEC response.
In addition, this is a region where the TEC from GIM is expected to be very accurate,
since the data from multiple GPS ground receivers in the region were collected and used
when GIM computes the TEC. We then calculate the mean TEC within this local region
and visualize its hourly variation from the quiet day June 29 to the storm day July 2 in
Figure 5. For each panel from top to bottom, the black line represents the hourly mean
TEC on the quiet day June 29 from GITM, TIE-GCM, and GIM, respectively, repeated
identically for every day. The red line in panel (a) represents the hourly mean TEC from
the original forecastable-mode GITM run, and the other colored lines represent the hourly
mean TECs from GITM tests. Panel (b) follows the same color code but for TIE-GCM.
Panel (c) displays the corresponding GIM TEC data for comparison. The gray-shaded ar-
eas represent local night time from 6PM to 6AM. Comparing to the GIM data, the GITM
and TIE-GCM original runs (red lines) generate much larger TEC increases relative to the
quiet day during local daytime on June 30, July 1, and July 2. The overestimated TEC

response is especially outstanding on July 2.

By driving the models with the quiet solar wind (Test 1, blue lines) or the quiet
F10.7 (Test 2, green lines), the storm-time TEC reduces to some extent for both GITM
and TIE-GCM comparing to the original run (red lines). With both quiet solar wind and
quiet F10.7 (Test 3, yellow lines), the GITM and TIE-GCM simulated TEC remains very
close to the quiet-day level, as expected. Depending on the day of the storm and the model,
the consequences of quiet solar wind and quiet F10.7 vary. For GITM, Test 1 and Test 2
produce TECs of comparable magnitudes, which fall between the TECs from the original
run and from Test 3. Two exceptions are: 1) during the daytime of July 1, the TEC from
Test 1 has a similar magnitude as the TEC from the original run, while the TEC from
Test 2 is much smaller and close to the quiet-time TEC. This indicates that for this time
period, the disturbed and increasing F10.7 plays a major role in generating the TEC en-
hancement seen in the original GITM run. 2) during the local nights of July 1 and July 2,
the TEC from Test 2 closely follows the TEC from the original run, which is much higher
than the quiet-time TEC and TECs from Test 1 and Test 3. This could be explained by
the absence of solar irradiance during local nighttime, so that the solar wind remains the
only external contributor to the ionospheric TEC changes in the GITM simulations. For
TIE-GCM, the TEC from Test 1 is almost always lower than the TEC from Test 2, while

the TECs from both tests fall between the TEC from the original run and the TEC from
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Figure 5. Timeseries of the mean TEC within the geographic region 85°W - 65°W, 25°S - 45°S from

GITM (panel (a)), TIE-GCM (panel (b)) and GIM (panel (c)). The corresponding TEC on the quiet day June

29 is represented by the repeated black lines for every day. The gray-shaded areas represent the local time

from 6PM to 6AM.

Test 3 or the quiet day. However, during the daytime of June 30, the TEC from Test 2 is
very similar to the TEC from the original run, and the TEC from Test 1 is very similar
to the TEC from the quiet day. This indicates that the disturbed solar wind dominates the

TIE-GCM-simulated ionospheric TEC responses during the time interval.

Alternatively, for the different model runs and for GIM, we extract the TEC at the
center longitude of the local region, 75°W for all latitudes and for every hour and sub-
tract the quiet-day TEC of the corresponding model run or GIM from it. The resulting
time-latitude contour plots are shown in Figure 6 for GIM and GITM, and in Figure 7 for
GIM and TIE-GCM. Panel (a) in both Figures is the GIM difference TEC, which shows
some TEC changes during the storm days from June 30 to July 2. The most prominent
TEC changes are the enhancement in the northern hemispheric low-latitudinal region dur-

ing the first few hours of July 1, corresponding to local night time, and the enhancement
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in the northern and southern low-latitudinal regions near the end of July 2, correspond-
ing to the local late afternoon and evening. The maximum TEC enhancement does not
exceed 15 TECU. On the contrary, GITM and TIE-GCM forecastable-mode runs (panel
(b) in both Figures) clearly show strong TEC responses at southern hemispheric middle-
low latitudinal region during the local day times of all storm days. In addition, the local
nighttime TEC enhancement on July 1 from GIM is not captured by either model. Com-
paring to panel (e) representing modeling experiment Test 3, for which the TECs from
both GITM and TIE-GCM show the minimal response, panels (c) and (d) reveal the im-
pacts of the F10.7 driving and solar wind driving respectively. Test 1 shown in panel (c)
of Figures 6 and 7 is driven by the quiet solar wind, and thus the TEC changes are mostly
due to the elevated F10.7 index. Test 2 shown in panel (d) of both Figures is driven by
the quiet F10.7 index, and thus the TEC changes are caused by the disturbed solar wind
conditions only. Examining the TEC variations shown in panels (c), (d) and (e) of both
Figures, the contributions from the disturbed solar wind and disturbed F10.7 in driving
the southern hemispheric middle-low latitudinal TEC enhancement in the original runs

are clear: 1) During the daytime, the disturbed solar wind has a much larger contribution
than the disturbed F10.7 for the first day of the storm, June 30, for both GITM and TIE-
GCM. For TIE-GCM, the contribution of the solar wind remains larger than, or at least
comparable to, the contribution of the F10.7 during the daytime of July 1 and July 2. For
GITM, the contribution of the solar wind becomes less than the contribution of the F10.7
during 14UT and 20UT (local 9AM to 3PM) on July 1, and the contributions are compa-
rable during the daytime of July 2. 2) During the nighttime, the TEC responses are mainly
controlled by the solar wind driving on all storm days. This holds true for both GITM and

TIE-GCM forecastable-mode runs.

Comparisons between the simulated TECs and the GIM data at 75°W are shown in
Figure 8 for three particular epochs: 18 UT on June 30, July 1, and July 2, that show the
local daytime behavior (1PM local time). Panels (a), (c), and (e) shows the comparison
between the GITM simulation results and the GIM data, and panels (b), (d), and (f) shows
the TIE-GCM simulation results and the GIM data. In each panel, the dashed lines rep-
resent the latitudinal TEC distribution at 18UT on the quiet day June 29, while the solid
lines represent the TEC at 18UT on the corresponding storm day. Both the quiet-time
GITM solution and TIE-GCM solution deviate from the quiet-time GIM TEC. The dis-
crepancy is more severe for GITM than for TIE-GCM. Comparing to GIM, both GITM
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356 Figure 6. The difference TEC at 75°W from GIM (panel (a)), the original forecastable-mode GITM simu-
357 lation (panel (b)), Test 1 (panel (c¢)), Test 2 (panel (d)), and Test 3 (panel (e)). The difference TEC is taken by

358 subtracting the TEC on June 29 from the TEC on each day from June 30 to July 2.
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Figure 7. The same as Figure 6 but panels (b) through (e) are from TIE-GCM simulations.
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and TIE-GCM underestimate the amplitude of the quiet-time TEC, which is partially due
to the limited altitude range of GITM and TIE-GCM. In addition, the GIM quiet-time
TEC has a larger peak in the northern hemisphere than in the southern hemisphere, while
the GITM quiet-time TEC has a strong north-south asymmetry that peaks in the south-
ern hemisphere. The TIE-GCM quiet-time TEC exhibits a weak north-south asymmetry,
yet still peaks in the southern hemisphere. The difference in the north-south asymmetry
of the TEC peaks, i.e., the equatorial ionospheric anomaly (EIA) crests, implies different

quiet-time meridional neutral winds in the models and in reality (see Section 4).

Despite the difference in the quiet-time TEC between the simulations and data, we
are more interested in the storm-time TEC response relative to the corresponding quiet-
time TEC distribution for individual models and data. For GIM, the storm-time latitudinal
TEC (black solid line) distribution shows increased TECs at the EIA crests at all three
epochs, indicating a strengthened EIA during the storm. Among the three epochs, the
most significant storm-time response is the TEC at the northern EIA crest (between 0° and
20°N) on June 30, which has an increase of around 10 TECU above the quiet-time level.
Note that for GIM, the latitudinal locations of the storm-time EIA crests do not vary much
from the quiet-time values, at least for the three epochs shown. Examining storm-time
TECs from the original forecastable-mode GITM and TIE-GCM runs (red solid lines),
both models produce an enhanced EIA during the storm. For GITM, the enhanced EIA is
primarily characterized by the southward expansion of the southern EIA crest at all three
epochs. The TEC at the southern EIA crest increases by 5 TECU at most, while the TEC
at the northern EIA crest even decreases a little from the quiet-time value. For TIE-GCM,
the enhanced EIA is characterized by both a significant increase of TECs at the EIA crests
and a southward expansion of the EIA. The southward expansion of the EIA is not found
in GIM. Moreover, both GITM and TIE-GCM do not capture the enhanced northern EIA

crest in GIM on June 30.

Results from the three modeling experiments are also shown in Figure 8. First of all,
the TEC from Test 3 (yellow line) is very similar to the quiet-time TEC for all three time
epochs and for both GITM and TIE-GCM, as expected. Second, for GITM, the TEC from
Test 2 (green line, left column) closely tracks the TEC from the quiet day at all latitudes
at 18UT on June 30 and July 1, revealing the importance of the F10.7 driving in the de-
termining the GITM-simulated EIA morphology. Third, for TIE-GCM, the TEC from Test

1 (blue line, right column) is almost always closer to the quiet-day TEC comparing to the
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TEC from Test 2 (green line, right column), indicating that the solar wind driving is more
important than the F10.7 driving in forming the EIA in TIE-GCM. However, an exception
is at 18UT on July 2 (panel (f)), when the TEC from Test 2, instead of the TEC from Test
1, is closer to the quiet-time TEC for latitudes between 30°S and 90°N. This implies that
the F10.7 driving takes over in dominating the TIE-GCM-simulated TEC response, which
is not surprising given the highest increase of the daily F10.7 from July 1 to July 2 among

all days.

The differences between the simulated storm-time and quiet-time EIAs suggest a
difference in the low-latitude zonal electric field at storm and quiet times. Our region of
interest is near the Jicamarca Unattended Long Term Investigations of the Ionosphere and
Atmosphere (JULIA) radar location (77°W12°S), which can provide vertical ion drift data
at 150 km altitude (http://jro-db.igp.gob.pe/madrigal/). Since the vertical ion drift is es-
sentially the ExXB drift, the variation in the vertical ion drift is almost entirely due to the
change in the electric field E in the zonal direction. Therefore, by comparing the vertical
ion drifts from the simulations and from the radar measurements, we could possibly as-
sess the accuracy of the modeled low-latitude zonal electric field. Due to the availability
of the JULIA ion drift data, we can only look at 9 AM (14 UT) to 17PM (22 UT) on two
storm days, June 30 and July 1. The results are shown in Figure 9. JULIA data is repre-
sented by the black asterisks, with vertical bars indicating measurement errors. For GITM
and TIE-GCM, only the vertical ion drifts from the original run (red line) and Test 1 (blue
line) are shown, because we find that the vertical ion drift from Test 2 (quiet F10.7) is
almost identical to the original run, while the vertical ion drift from Test 3 (quiet solar
wind and F10.7) is almost identical to the one from Test 1, for both models. In this case,
the disturbed solar wind condition dominates over the disturbed F10.7 in influencing the
low-latitude zonal electric field for both GITM and TIE-GCM. Figure 9 indicates that the
original GITM and TIE-GCM runs overestimate vertical ion drifts in the morning of June
30 at Jicamarca, and the quiet solar wind driving helps reduce the vertical ion drifts to
better match the JULIA data 9 AM to 11 AM, especially for GITM. The overestimation
of the vertical ion drift is not seen in the morning of July 1, instead the original run pro-
duces similar drift velocities as Test 1 during the morning hours of July 1 for both GITM
and TIE-GCM. Comparing drift velocity from the original GITM run on June 30 to the
drift velocity from the same run on July 1, the latter is closer to the JULIA data for al-

most the entire time interval from 10 AM to 4 PM, indicating that the low-latitude zonal
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Figure 9. Comparisons of measured and simulated vertical ion drifts at 150 km altitude at Jicamarca on
June 30 (upper panels) and July 1 (lower panels). The local time range from 9 AM to 17 PM corresponds to
14 UT to 22 UT on each day. The measurements are from the JULIA data, marked as black asterisks with

vertical error bars.

electric field is more accurately reproduced by the GITM original run on July 1 than June
30. A similar conclusion can be drawn for TIE-GCM, yet the improvement from June 30
to July 1 is only during 10-11AM and insignificant. In addition, TIE-GCM seems to pro-
duce better matches with the JULIA data than GITM for most of the time on both days,

which will be addressed in Section 4.

To evaluate the impact of F10.7 in more detail, we examine the photoionization rate
of O from the GITM simulations, displayed in Figure 10. The photoionization of O is
controlled by the incoming solar irradiance, and provides the major ion source at the F
layer. The four panels in Figure 10 show the photoionization rate in the latitude-altitude
plane at 75° and at 18 UT on July 1 (storm day) from the original run, Test 1, Test 2, and
Test 3, respectively. A comparison among the four panels reveals that the quiet F10.7 con-

dition reduces the photoionization of O significantly, indicating that the disturbed F10.7
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Figure 10. GITM simulated O photoionization rate at the longitudinal cut 75°W and 18UT on July 1 from

the original run (panel (a)), Test 1 (panel (b)), Test 2 (panel (c)), and Test 3 (panel (d)).

contributes to the TEC enhancement by intensifying the photoionization of O with in-

creased solar irradiance.

In the forecastable-mode GITM and TIE-GCM simulations, the solar irradiance
spectrum is determined similarly via several empirical models based on the daily and 81-
day center-averaged F10.7 indices. The solar irradiance between 0.5nm and 5nm and be-
tween 105 nm and 175 nm comes from the Hinteregger model [Hinteregger, 1981] and
Woods and Rottman model [Woods and Rottman, 2002], respectively. Most importantly,
the solar irradiance between wavelengths 5nm and 105 nm, the extreme ultraviolet (EUV)
part of the spectrum, is specified by empirical model EUVAC for TIE-GCM, and by the
average of the solar irradiance from EUVAC and Tobiska91 models for GITM. In Fig-
ure 11, we compare the empirically specified solar irradiance spectrum to the actual solar
spectrum measured by the Thermosphere Ionosphere Mesosphere Energetics and Dynam-
ics (TIMED)/Solar EUV Experiment (SEE) [Woods et al., 2005] from 0.5 nm to 115 nm

and by Solar Radiation and Climate Experiment (SORCE) [Rottman, 2005] above 115 nm
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for two days. From June 29 to July 2, the daily F10.7 keeps increasing, and the result-
ing GITM-modeled solar irradiance (black and red dashed lines) also increases over these
days. Significant solar irradiance enhancements are seen at around 120 nm and between
50nm and 105 nm in the modeled solar irradiance spectrum. However, these enhance-
ments are absent in the measured spectra, despite the increasing daily F10.7 index. The
EUV solar irradiance from the EUVAC alone are shown as the blue and yellow dashed
lines in panel (b). Comparing to the EUV solar irradiance from the average of the EU-
VAC and Tobiska91, the EUVAC better matches the measurement, and the enhancement
of irradiance from June 29 to July 2 is smaller, though still present. Note that the EUVAC
spectra shown in the figure is from the EUVAC model used by GITM, which is based on
the F74113 solar reference spectrum. The EUVAC model used by TIE-GCM is based on
SC21REFW reference spectrum [Solomon and Qian, 2005]. Despite the differences be-
tween these reference spectra, the dependence on F10.7 remains the same. Therefore, we
anticipate that the EUV solar irradiance in TIE-GCM has a similar enhancement from
June 29 to July 2 as shown by the blue and yellow dashed lines. In summary, the solar
irradiance enhancement in GITM and TIE-GCM during the June 2012 event is overesti-
mated by the empirical models, which induces the overestimation of the O photoionization

rate and thus the daytime TEC in the region of interest.

4 Discussion

The modeling experiments indicate that both the disturbed solar wind and the en-
hanced solar irradiance lead to the southern hemispheric middle-low latitudinal overes-
timation of the storm-time TEC response produced by forecastable-mode simulations of
GITM and TIE-GCM. In particular, the contribution from the solar wind dominates over
the contribution from the solar irradiance on the first day of the storm, while the contribu-
tion from the solar irradiance becomes comparable to or even larger than the contribution
from the solar wind on later days of the storm. This implies that the simulated daytime
TEC enhancement over the middle-low latitude region is initially due to the CIR passage
and then the apparent increase in modeled solar irradiance based on the F10.7 proxy, both

resulting in an overestimated TEC response compared to the GIM data.

The solar wind condition, interplanetary magnetic field included, affects the iono-
spheric solution via the high-latitude electric field, computed by the Weimer empirical

model in both GITM and TIE-GCM. This high-latitude electric field also determines the
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Figure 11. Comparisons of measured (solid lines) and empirically modeled (dots connected with black and
red dashed lines) solar irradiance spectra between 0.5 and 180 nm (upper panel) and between 5 and 105 nm
(lower panel) for two days during the 2012 event: June 29 and July 2. The empirically modeled spectra are
from the models used by GITM. The EUV spectra from the EUVAC model alone is shown as dots connected

with blue and yellow dashed lines in panel (b).
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behavior of the low-latitude electric field to a large extent, based on the comparison among
vertical ion drifts from the modeling experiments (referring back to the earlier discussion
on Figure 9). Interestingly, the low-latitude electric fields from GITM and TIE-GCM are
different, despite the almost identical low-latitude electrodynamic solvers in the two mod-
els and the identical drivers for the two models. As shown in Figure 9, TIE-GCM has a
better comparison with the JULIA vertical ion drift data than GITM on June 30, the first
day of the storm. Moreover, GITM Test 1 yields unrealistic downward ion drift in the lo-
cal afternoons, deviating from the JULIA data and the TIE-GCM result significantly. The
difference between GITM- and TIE-GCM-modeled vertical ion drift could be caused by
different atmospheric tide specifications at the lower boundary of the two models: GITM
uses the MSIS tide and TIE-GCM applies the more advanced Global Scale Wave Model.
A more realistic tide representation at the lower boundary could potentially improve the
electrodynamics [Vichare et al., 2012]. Despite the better represented tide, TIE-GCM

still overestimates the zonal electric field near Jicamarca during the local morning time
on June 30. This discrepancy could be caused by 1) the inaccurate high-latitude electric
field produced by the Weimer model [Weimer, 2005a; Kihn et al., 2006; Gordeev et al.,
2015; Yu et al., 2017]; 2) the lack of a ring current model to provide self-consistent Re-
gion 2 field-aligned currents, which could possibly lead to a more accurate low-latitude
electric field [Richmond et al., 2003; Wang et al., 2008]. Moreover, Zhu et al. [2017] shows
that a better low and middle latitude electrodynamic solver for GITM would improve the
modeled zonal electric field and thus the EIA morphology. On a side note, discrepancies
between simulated EIAs from various models, GITM and TIE-GCM included, have been
shown by Fang et al. [2014] for a geomagnetically quiet day and by Shim et al. [2018] for
a geomagnetic storm. Both studies attribute the cause of the discrepancies to the different

lower boundary forcings and electric fields in different models.

The solar irradiance, especially the EUV irradiance, is the primary energy source
for the upper atmosphere. The accuracy of the solar EUV irradiance input to GITM and
TIE-GCM directly affects the accuracy of the modeled electron production via the O pho-
toionization. For the solar EUV irradiance specification, both GITM and TIE-GCM rely
on the EUVAC model, which is an empirical model based on the daily F10.7 index and
its 81-day average [Richards et al., 1994]. In addition to the EUVAC model, GITM also
applies the Tobiska91 model, and the resulting EUV spectrum is calculated as the mean of

the EUVAC and the Tobiska91 spectra. The underlying assumption of the EUVAC model
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and the Tobiska91 model is that the EUV irradiance scales linearly with the mean of the
F10.7 index and its 81-day average. Since the 81-day average F10.7 does not vary much
from June 29 to July 2 (Figure 2), the simulated solar irradiance is mostly controlled by
the F10.7 index that rises quickly during this time period, resulting in the overestimated
irradiance increase (Figure 11). The combined EUVAC and Tobiska91 spectrum is more
sensitive to the daily F10.7 increase than the EUVAC spectrum alone (panel (b) of Fig-
ure 11). This explains earlier results that the F10.7 driving controls the GITM-simulated
TEC response than the TIE-GCM-simulated TEC response. Such differences in TEC re-
sponses from GITM and TIE-GCM could also lead to different low-latitude electric fields

in GITM and TIE-GCM via ionospheric conductivities.

The overestimation of the solar irradiance increase from empirical models could be
due to either the inaccuracy of the F10.7 index itself or the limitation of F10.7 as a proxy
for the EUV irradiance. For the former, the uncertainties of the F10.7 measurement and
determination have been discussed in Tapping and Charrois [1994]; Tapping [2013] and
supported by Schonfeld et al. [2015] thus not repeated here. For the latter, a number of
studies [Hedin, 1984; Donnelly et al., 1986; Lean, 1988; Tobiska, 1996; Floyd et al., 2005;
Wintoft, 2011; Chen et al., 2011; Huang et al., 2015] have shown that the correlation be-
tween the F10.7 index and the EUV irradiance varies over different time scales and with
solar activity levels, therefore the variation in F10.7 cannot fully represent the variation in
the EUV irradiance. Alternatively, several studies [Viereck et al., 2001; Floyd et al., 2005;
Wintoft, 2011; Chen et al., 2012] have shown that the Mg II core-to-wing ratio reproduces
the short-term EUV irradiance variation better than F10.7 for emission wavelengths be-

tween 25 nm and 35 nm.

To further evaluate the impact of the solar irradiance on the modeling results, we
perform an additional experiment with GITM, driven by the disturbed solar wind and the
solar irradiance at wavelengths between 0.1 nm and 190 nm provided by the Flare Irra-
diance Spectral Model (FISM) that includes solar flare contributions [Chamberlin et al.,
2008] for the time interval of June 29 - July 2. Comparing to the EUVAC, Tobiska91,
Hinteregger, and Woods and Rottman models that are based on a reference spectrum and
daily values of F10.7, FISM is constructed from actual solar irradiance measurements by
multiple satellites and has a higher spectral resolution (1 nm) and a much finer temporal
resolution (one minute). The FISM-provided solar irradiance has less increase over the

days of interest (not shown) and thus is more realistic than the solar irradiance used in
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the original GITM run. Figure 12 displays the GITM-simulated mean TEC within the lo-
cal region of interest as for Figure 5. The result from the new experiment, noted by Test
4, is represented by the magenta line, and the result from the original forecastable-mode
run is represented by the red line. Results from Test 1 and Test 2 are also displayed for
comparison. The TEC from Test 4 is very similar to the TEC from the original run until
the middle of July 1, when the former starts to deviate from the latter. From the middle
of July 1 to the end of July 2, Test 4 produces significantly less TEC than the original
run does. At the TEC diurnal peak of July 2, the TEC reduction caused by changing the
solar irradiance specification from F10.7-based models to FISM (the original run versus
Test 4) is comparable to the TEC reduction caused by replacing the disturbed solar wind
with the quiet solar wind (the original run versus Test 1) or replacing the disturbed F10.7
with the quiet F10.7 (the original run versus Test 2). Comparing to the original run, the
FISM-driven Test 4 generates more realistic mean TEC within the region of interest on
July 1 and July 2. However, Test 4 still overestimates the TEC response during the en-
tire storm comparing to the GIM TEC shown in Figure 5, for which uncertainties in the
GITM-modeled zonal electric field and the uncertainties in FISM for reproducing the ac-
tual solar irradiance could be significant factors. In summary, the new test result implies

that the modeled TEC could be improved with a better solar irradiance specification.

For thermospheric-ionospheric forecasts with a lead time of a few days, one needs
to provide forecasted solar wind conditions and solar irradiance to drive the physics-based
thermospheric-ionospheric models. Our present study is indicative of inaccuracies can
occur even if such inputs are forecasted perfectly. Additional uncertainties in imperfectly
forecasted drivers will likely lead to modeling results with less fidelity than the forecastable-
mode modeling results presented here. Therefore, maintaining and improving the perfor-
mance of the thermospheric-ionospheric models is critical. According to this case study,
the modeled low-latitude zonal electric field is not sufficiently accurate to prevent large er-
rors in the modeled low-latitude TEC near the EIA region. Problems with the solar EUV
proxy can similarly produce relatively large errors in the EIA region during daytime. Any
improvements have to be consistent with the concept of “forecast” and allow forecastable
inputs. For instance, the setting of the FISM-driven GITM test is not applicable for actual
forecasts, since FISM relies on measurements that are not available ahead of time. How-
ever, TIE-GCM driven by the solar irradiance calculated based on Mg II index [Solomon

et al., 2011] can offer an alternative “forecastable-mode” setting.

This article is protected by copyright. All rights reserved.



606

607

608

609

610

Geographic 85°W - 65°W, 25°S - 45°S

IN
o

—— Quiet Day 06/29 GITM Test 1: Quiet SW -
Original GITM run GITM Test 4: FISM

w
o

20

TEC [TECU]

10

Figure 12. Timeseries of the mean TEC within the geographic region 85°W - 65°W, 25°S - 45°S from the
forecastable-mode GITM run driven by the disturbed solar wind and F10.7, Test 1 driven by the quiet solar
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black lines for every day.
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611 In addition to the overestimated storm-time response by GITM and TIE-GCM, our
612 results also reveal the inaccuracy of the models in capturing quiet-time ionospheric condi-
613 tions. Displayed in Figure 8, the inter-hemispheric asymmetry of the quiet-time EIA crests

614 at 18 UT on June 29 is not well reproduced by GITM or TIE-GCM. The GIM TEC data

615 suggest a northward neutral wind at the F-layer that causes the northern hemispheric EIA
616 crest more enhanced than the southern hemispheric EIA crest. GITM produces an oppo-
617 site asymmetry, suggesting a neutral wind blowing from northern hemisphere to the south-

618 ern hemisphere at the F-layer (confirmed by looking at the GITM modeled neutral wind:
619 about 20 m/s southward at the equator); TIE-GCM produces less asymmetry comparing

620 to GITM, suggesting a weaker meridional wind at the F-layer (confirmed by looking at

621 the TIE-GCM modeled neutral wind: about 5 m/s southward at the equator). During quiet
622 time, the modeled meridional wind in the ionosphere and thermosphere is largely con-

623 trolled by the tidal forcing at the lower boundary of the models, implying the importance
624 of the tidal forcing in determine the inter-hemispheric asymmetry of the quiet-time EIA.
625 This topic requires further attention, but it is beyond the scope of the current paper. As a
626 final note, the forecastable-mode simulations cannot take full advantage of the state-of-the-
627 art modeling approaches including inputs based on past direct observations, and thus they
628 almost certainly perform worse than the simulations set up under the best practice.

629 5 Conclusion

630 To explore the forecast capability of the current first-principles thermospheric-ionospheric
63t models, we have defined “forecastable-mode” model runs that are driven solely by solar

632 wind conditions and the solar EUV irradiance proxy F10.7. These simulations are consid-
633 ered “forecastable” because there are current efforts to produce forecasts of these driver

634 quantities with few-day lead times. Such forecasted drivers could be used to forecast iono-
635 spheric conditions in the type of simulations used here. We investigate modeling errors

636 that can occur using the measured drivers as input, i.e. if the forecasted drivers were as

% accurate as those observed. We do not investigate additional forecast errors that might

638 arise from errors in the drivers.

639 We have performed forecastable-mode simulations with GITM and TIE-GCM for the
640 June 2012 high-speed-stream weak geomagnetic storm. The simulation results are com-

641 pared to the GIM, which is based on GPS TEC observations. We find general agreement

642 between the models and the GIM in terms of the storm-time TEC response, i.e., the dif-
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ference between storm-time and quiet-time TECs. However, we also find overestimation of
the storm-time TEC response in the middle-low latitude region of the southern American
sector and surrounding areas from both models compared to the GIM. We focus on a lo-
cal region where both GITM and TIE-GCM overestimate the TEC response to the storm
during similar time periods and where the GPS ground receivers are ample. These overes-
timations well exceed the expected error of the GIM in the local region, where the nearby
GPS ground receivers help maintain the accuracy of the GIM. As the forecastable-mode
modeling is driven by the solar wind condition and the F10.7 index only, we design and
perform three modeling experiments with each model to determine how the drivers might
contribute to the overestimation of the TEC response. For each model, the three tests

are identical to the original forecastable-mode run except with different drivers: one test
driven by a quiet solar wind and the actual F10.7, one test driven by a quiet F10.7 index
and the actual solar wind, and one test driven by a quiet solar wind and a quiet F10.7 in-
dex. The comparisons among the TECs from the three tests and from the original run re-
veal that the models reasonably produce TEC increases due to increases in the daily F10.7
index and due to the CIR/HSS in the solar wind, but the TEC increases did not actually

occur according to the GIM data.

On the first day of the storm, the overly estimated TEC response in the middle-

low latitude region is due to the solar wind driving that produces overestimated daytime
EIA response in both GITM and TIE-GCM forecastable-mode simulations. By comparing
the modeled vertical ion drifts to the observed ones, we show that the models, especially
GITM, overestimate the low-latitude zonal electric field, in response to the actual solar
wind conditions occurring during the CIR/HSS. Under the constraint of the forecastable-
mode setting, forecasting improvements may be realized with 1) changes in the tidal forc-
ing at the lower boundary of the models, 2) changes in the low and middle latitude elec-

trodynamic solver, and 3) an improved high-latitude empirical electric field model.

The mismatch between the solar irradiance based on F10.7 index and the actual so-
lar irradiance contributes to the overestimation after the first day of the storm. For GITM,
the contribution of the mismatch is even larger than the contribution of the solar wind on
the second day of the storm. We find the F10.7-based solar irradiance proxy models used
by GITM and TIE-GCM fail to represent the measured solar irradiance variations. The
modeled solar irradiance increases much more than observed over the storm days. The

rapidly increasing F10.7 index during the storm led to increased simulated solar EUV ir-
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radiance, in contrast to actual irradiance values that were nearly constant. The unrealistic
intensification of the simulated solar irradiance results in a high atomic oxygen photoion-
ization rate and thus an enhanced electron production in the models, which leads to the
overestimation of the TEC response. Our additional modeling experiment driven by FISM
reveals that a better solar irradiance model could improve the modeled TEC. Improve-
ments to the existing proxy-based solar irradiance models will lead to improved forecast
accuracy of the ionospheric TEC with the physics-based thermospheric-ionospheric mod-

els.
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Ground GPS sites for GIM on 1 July 2012
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Velocity [m/s]

Velocity [m/s]

Vertical ion drift at 150km altitude near Jicamarca
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Altitude [km]
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GITM simulated O photoionization rate [m®s™] at 75°W  18UT on 1 July 2012
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Spectral irradiance [W/m?]

Log spectral irradiance [W/m?]
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