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Abstract We report that assimilating total electron content (TEC) into a coupled thermosphere-ionosphere
model by using the ensemble Kalman filter results in improved specification and forecast of eastward
prereversal enhancement (PRE) electric field (E field). Through data assimilation, the ionospheric plasma
density, thermospheric winds, temperature, and compositions are adjusted simultaneously. The
improvement of duskside PRE E field calculation over the prior state is achieved primarily by intensification of
eastward neutral wind. The improved E field calculation promotes a stronger plasma fountain and deepens
the equatorial trough. As a result, the horizontal gradients of Pedersen conductivity and eastward wind are
increased due to greater zonal electron density gradient and smaller ion drag at dusk, respectively. Such
modifications provide preferable conditions and obtain a strengthened PRE magnitude closer to the
observation. The adjustment of PRE E field is enabled through self-consistent thermosphere and ionosphere
coupling processes captured in themodel. This study suggests that the PRE E field that is critical in driving the
evening equatorial plasma instability could be better forecasted by assimilation of TECs in the 10min cycling.

1. Introduction

The prereversal enhancement (PRE) of upward plasma (E× B) drift near local sunset is an important feature in
the low-latitude ionosphere and can uplift the height of the F region ionosphere in the equatorial region,
which is important to generation of the postsunset F region plasma instability or plasma bubbles which inter-
fere the radio communications. The features and the mechanism of PRE have been extensively investigated
in the past. Suggested PRE formation mechanisms include the “edge effect” of vertical polarization charges at
the terminator sector [Rishbeth, 1971], the F region dynamo by the horizontal conductivity gradients near
sunset [Heelis et al., 1974], the rapid reduction of the E region Hall conductivity around sunset longitudes
[Farley et al., 1986], and the zonal gradient and vertical shear of the zonal wind around evening [Heelis,
2004; Fang, 2009].

Recently, with the increased availability of observations from Global Navigation Satellite Systems, ionospheric
data assimilation reduces the deviation between the modeled and observed electron densities and thus
provides improvements in electron density calculation or forecast [Schunk et al., 2004]. A number of iono-
spheric data assimilation approaches have been developed, including the ones based on empirical models
of the ionosphere [e.g., Bust et al., 2004; Yue et al., 2012; Lin et al., 2015], physics-based ionosphere models
with specified thermospheric parameters [e.g., Pi et al., 2003, 2009; Scherliess et al., 2004; Datta-Barua et al.,
2013], and physics-based coupled models of the ionosphere and thermosphere [e.g., Matsuo and Araujo-
Pradere, 2011; Lee et al., 2012].

Physics-based models could reproduce observed PRE features, but they often require tuning of the corre-
sponding model parameters by trial and error. For example, Fesen et al. [2000] showed that Thermosphere-
Ionosphere-Electrodynamics General Circulation Model (TIEGCM) could not reproduce PRE when the E region
electron density is greater than 104 cm�3. Neutral wind effects are considered as an important factor that
controls PRE formation and strength. Fesen et al. [2000] and Millward et al. [2001] both indicate that the
specification of semidiurnal tides could affect the PRE modeling prominently. Recently, Heelis et al. [2012]
and Richmond et al. [2015] have suggested the important role of eastward neutral wind at the F layer that
drives ions to move with the winds, promoting their upward motion. The plasma convection vortex, eastward
in the F layer, westward in the E layer, and upward around dusk, is adopted to give new insight into PRE
formation. The purpose of this study is to demonstrate and examine the PRE modeling that is enabled by
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assimilation of total electron content (TEC) observations into the TIEGCM during the geomagnetically quies-
cent period around equinox of 13–14 March 2015. The study’s specific objectives are to investigate how the
PRE features are reproduced during the forecast cycle of ensemble Kalman filtering through self-consistent
thermosphere-ionosphere coupling processes captured in the TIEGCM and to interpret the PRE specification
and forecast resulting from a coupled thermosphere-ionosphere data assimilation according to the latest
theory of PRE formation.

2. Description of Data Assimilation Approach

The forecast model used in our assimilative system is a three-dimensional global numerical model (TIEGCM).
The solar UV and EUV fluxes in this model are parameterized according to the solar F10.7 daily index. The high-
latitude ion convention pattern is obtained from the Heelis model [Heelis et al., 1982], and the electric fields at
low latitude and midlatitude regions are calculated with the assumption of equal potential along the mag-
netic field line [Richmond et al., 1992]. An ensemble Kalman filter data assimilation system built with the
Data Assimilation Research Testbed (DART) community software [Anderson et al., 2009] is employed to com-
bine the TIEGCM and observations, called as DART/TIEGCM data assimilation system [Lee et al., 2012]. The 90-
member ensemble of TIEGCM simulations is initialized by perturbing F10.7 and Kp indices according to the
centered Gaussian distributions with a standard deviation of ±20 (10�22Wm�2 Hz�1) and ±1 (geomagnetic
quiet time Kp), respectively [cf. Chen et al., 2016]. During the entire DART/TIEGCM assimilation experiment,
the F10.7 and Kp indices are specified by the realistic values that change with time. The covariance estimated
from the prior ensemble is tapered with the fifth-order piecewise rational function [Gaspari and Cohn, 1999]
in order to eliminate effects of spurious correlation resulting from sampling errors at horizontal distance
beyond 2000 km. The impact of different tapering length scales on the quality of assimilation analysis is dis-
cussed in detail by Lee [2013]. The unobserved model state variables (neutral temperature, atomic and mole-
cular oxygen mixing ratios (O, O2), neutral winds, and atomic oxygen ion density (O+)) and electron density
(Ne) are included in the state vector of the DART/TIEGCM. The observed ionospheric states and unobserved
thermospheric states will be updated according to their respective correlative relationships to the TEC obser-
vations, as described in the earlier studies with the DART/TIEGCM [Hsu et al., 2014; Chartier et al., 2016; Chen
et al., 2016].

The ground-based Global Positioning System (GPS) TEC observations are assimilated into the TIEGCM every
10min. The TIEGCM solves the ionosphere-thermosphere coupled energy, momentum, and continuity equa-
tions with self-consistent electrodynamics. The overall spatial and temporal distributions of electrostatic
potential (or E field) are determined in the TIEGCM’s electrodynamics module by imposing the condition
of a divergence free current system given neutral wind and conductivity distributions that are affected by
the data assimilation process. Electrodynamic adjustment during the forecast cycle of ensemble Kalman fil-
tering gives rise to strengthening of the PRE E field calculation under investigation.

In this study, two experiments were performed with updating all state vector variables (TEC, Ne, [O+], [O1],
[O2], Tn, Un, and Vn) (experiment A) and without updating the neutral temperature (Tn) and neutral winds
(Un and Vn) (experiment B). The purpose of experiment B is to evaluate the importance of neutral winds,
which is considered as themain driver of PRE formation. Note that, in experiment B, although the unobserved
state variables of neutral temperature and winds are not directly updated by the assimilation, changes of
these parameters are still expected as they will be indirectly influenced by other updated variables along
time steps.

3. Results and Discussions

Figure 1 displays the global TEC observations from globally 2127 ground-based GPS receivers (Figure 1a),
TIEGCM default run (referred to as the control run henceforth; Figure 1d), and the DART/TIEGCM experiment
results (Figures 1b, 1c, 1e, and 1f) at 1200 UT on 14 March 2015. In each 10min cycle, around 16,980 observa-
tion points of vertical GPS-TEC are binned into a 1° × 1° horizontal resolution for assimilation. Compared with
the control run, the observations show a longer tail of equatorial ionization anomaly (EIA) over the geo-
graphic longitude of 90°E to 150°E (around 1800–2200 LT). After assimilating the GPS-TECs, both assimilation
(posterior) and 10min forecast (prior) results show clear separation of EIA crests and equatorial TEC trough.
The well-separated EIA with the poleward extension is produced by the stronger plasma fountain effect
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due to the stronger PRE. As the result of the stronger plasma fountain during postsunset, the equatorial
trough becomes more prominent due to lack of photoionization after sunset. The horizontal gradient
around the equatorial trough may contribute to PRE intensification by the greater gradient of conductivity
along local times as well as the stronger neutral winds due to less ion drag. Figure 2 further illustrates the
related global distribution of eastward E fields from the control run (Figure 2a), DART/TIEGCM experiment
results (Figures 2b and 2d), and the differences (Figures 2c and 2e). The control run result shows that a
weak eastward E field appears around the geographic latitude of 10°N (around geomagnetic equator) and
longitude of 105°E (1900 LT). The eastward E field is further enhanced in experiment A at the location of
TEC trough (Figures 2b and 2c). However, this enhancement is not obvious in experiment B (Figures 2d
and 2e).

We compare the vertical drifts of DART/TIEGCM with the empirical model and the observations from
Jicamarca Radio Observatory (JRO). Figure 3a presents the vertical E× B drift for the control (magenta), the
assimilative results of experiments A (red) and B (green), and the output of Fejer-Scherliess model (black)
[Scherliess and Fejer, 1999] in 13 March 2015 (local time) around JRO location. As JRO only has the observa-
tions available during 23–27 of the entire March 2015, more model runs of experiment A are performed
during the period to compare the day-to-day results (red) with the JRO observations (blue) and the output
of Fejer-Scherliess model (black) in Figure 3b. Figure 3a shows that the results from experiment A, including
the neutral wind adjustment, greatly enhance the PRE magnitude, whereas experiment B has little effect to
strengthen the PRE. This result indicates that assimilative adjustment of Tn, Un, and Vn is crucial for intensi-
fication of eastward PRE E field in our data assimilation system. It is noted that the PRE from experiment
A is stronger than the Fejer-Scherliess model and there is an ~1 h late reversal of E× B drift (~2100 LT). The

Figure 1. Global TEC distributions at 1200 UT on 14 March 2015. There are (a) GPS-TEC, (b) forecast, and (c) nowcast by
assimilation model with updating all state variables and (d) default model/control run, (e) forecast, (f) and nowcast by
assimilation model without updating the neutral temperature and neutral winds.
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late reversal may be due to the weaker correlative relationship between the neutral winds and electron
density at the F region of EIA around 2100 LT (figure not shown).

Figure 3b shows that the multiple day PRE vertical E× B drifts of experiment A are generally in good agree-
ment with JRO observations, indicating the potential of strengthening PRE with the data assimilation system.
The comparison, however, also shows some disagreements during the late evening and postmidnight sec-
tors. The disagreement during the late evening may again result from the weaker correlative relationship
between the neutral winds and electron density at F region around 2100 LT. The comparisons at postmid-
night show that the downward E× B drifts become stronger than the observations, with the shape of trough
(Figures 3a and 3b). Such feature is also shown in previous theoretical studies discussing the E and F region
dynamo coupling [e.g., Heelis et al., 1974; Eccles, 1998; Millward et al., 2001; Fang, 2009]. The feature is shown
in Millward et al. [2001] and Fang [2009] when considering the E or F region dynamo and coupled E and F
region dynamo. In Heelis et al. [1974], the feature appears in the case considering coupled E and F region
dynamo, but it is not shown for the case considering only E region dynamo. On the other hand, Eccles
[1998] showed the feature with coupled E and F region dynamo, but it is not shown for the case considering
only F region dynamo. The inconsistency from these studies indicates that it may be related to a more
complex E and F region dynamo coupling that should be further investigated. In our assimilation system, this
discrepancy may result from the weaker correlative relationship between the neutral wind and electron den-
sity at E region, since the correlative relationship at F region is strong in postmidnight (figures not shown).

Farley et al. [1986] considered that convergence of Hall conductivity/current is the main driver for PRE forma-
tion. Fesen et al. [2000] suggested that reduction of E region conductivity is important for TIEGCM to
reproduce PRE. Later studies [e.g., Heelis, 2004; Fang, 2009] show that the F region dynamo is important in

Figure 2. Global geographical eastward electric fields at 1200 UT on 14 March 2015. There are (a) default model/control
run, forecast results by assimilation model (b) with updating all state variables and (d) without updating the neutral
temperature and neutral winds, and differences between (c) forecast and (e) control run. The gray line indicates the isolated
TEC contour line.
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driving the vertical Pedersen current
for PRE. To examine the conductivity
variations, we compare the zonal
gradient of Pedersen (Figure 4) and
Hall (not shown) conductivities around
dusk longitudes from experiments A
and B to the control run. The compari-
son shows that the zonal gradient of
Pedersen conductivity increases much
more for experiment A than B above
200 km altitude. The zonal gradients of
Hall conductivity have the similar
variations compared to the control run.
Figure 5 further shows the eastward
winds around dusk longitudes from
the control and experiments A and B.
The winds from experiment B
(Figure 5c) are similar to the control run
(Figure 5a) with some increases at the
equatorial region of 100°E. The eastward
winds for experiment A (Figure 5b)
increase considerably above 200 km alti-
tude at 100°E (1840 LT) and 110°E (1920
LT) longitudes for both equatorial and
low-latitude regions, whereas the west-
ward winds below 200 km are
decreased. The results in Figures 4 and
5 show that assimilative adjustment
of Tn, Un, and Vn affects not only the
zonal winds but also the conductivities
prominently.

Adjustment of PRE E× B drift was first
reported in earlier assimilation work by
Pi et al. [2003] by using a variational data
assimilation approach. They demon-
strate that the E× B vertical drift could
be improved from “climatology” to
“weather” for strong PRE by assimilating
GPS-TEC data. In some recent studies,
upward plasma drift is shown to be a

part of the evening plasma convection vortex driven by the neutral wind and ion drag effects [e.g., Kudeki
and Bhattacharyya, 1999; Rodrigues et al., 2012; Heelis et al., 2012; Richmond et al., 2015; Richmond and
Fang, 2015]. The evening plasma vortex results from the eastward plasma flow at F layer height, the westward
plasma flow in the E layer, and the vertical plasma flow that plays a role in balancing the zonal plasma shear.
Thus, the stronger eastward plasma flow above and the weaker plasma flow below will promote the stronger
vertical plasma flow, i.e., PRE of E× B vertical drift. The stronger eastward wind in the F layer and the weaker
westward wind in the E layer adjusted by the assimilation (100 and 110°E in Figure 5b) in experiment A may
drive stronger eastward plasma flow and weaker westward plasma flow, respectively. As described in
Richmond et al. [2015], the stronger eastward F layer ion convection due to the stronger eastward wind at
EIA region leads to PRE strengthening. On the other hand, eliminating the low-altitude westward wind is also
found to PRE strengthening. Thus, the modified neutral winds in experiment A are in consistent with the
theoretical results given by Richmond et al. [2015] and lead to the stronger modeled PRE (Figure 2b). In
experiment B, without change of wind strength by the assimilation, although the conductivities are

Figure 3. Local time variations of vertical drifts at �75°E on (a) 13 March
2015 and (b) 23–26March 2015. There are default model/control run (pink
line), assimilative ionosphere model (red and green lines), and the values
of 13 March (Figure 3a) and 23–26 March (Figure 3b) output from the
empirical model (black). The blue line is the vertical drift from Jicamarca
Radio Observatory (JRO) on 13 March (Figure 3a) and 23–26 March
(Figure 3b), which are the ionospheric quiet days.
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Figure 4. Latitudinal distribution of gradient Pedersen conductivity in different longitude sectors at 1200 UT on 14 March 2015. The result from the assimilation
model (top) with updating all state variables and (bottom) without updating the neutral temperature and neutral winds. The color indicates the difference
between the zonal gradient Pedersen conductivities of the assimilation and that of the control run. The calculation equation is σPf longitude� 5°ð Þ � σPf longitudeð½
þ5°Þ�= σPf longitude� 5°ð Þ þ σPf longitudeþ 5°ð Þ½ ��100%� σPc longitude� 5°ð Þ � σPc longitudeþ 5°ð Þ½ �= σPc longitude� 5°ð Þ þ σPc longitudeþ 5°ð Þ½ �, while σPf and
σPc indicate the Pedersen conductivities from the forecast and the control run, respectively. The “longitude” in the above equation is the same as the longitude at
each panel title.

Figure 5. Latitudinal distribution of zonal (positive eastward) neutral wind in different longitude sectors at 1200 UT on 14 March 2015. (top) The default model/
control run result. The result from the assimilation model (middle) with updating all state variables and (bottom) without updating the neutral temperature and
neutral winds.
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changed, the intensification of PRE is, however, small. Another important feature shown in Figure 5b is that
the intensification of neutral winds occurs for both equatorial and low-latitude regions, since the eastward
wind responsible to PRE intensification is mainly those at low-latitude EIA regions [Richmond et al., 2015].

Figure 5b indicates the considerably enhanced eastward neutral wind. It is also due to the stronger PRE lead-
ing to poleward extension of EIA crests around dusk and an electron density trough around the equator at
dusk. The low electron density at the trough reduces the ion drag effect, and thus, the eastward wind is
increased over time. This increased eastward wind has a positive impact on the PRE resulting in the
separation of EIA crests, in agreement with the observations. In conclusion, the self-consistent
thermosphere-ionosphere coupled assimilation system successfully improves the PREmodeling while adjust-
ing model parameters in agreement with the latest theoretical explanation of PRE [Heelis et al., 2012;
Richmond et al., 2015]. Through validations, the magnitude of PRE E× B drift from assimilation system is com-
parable to the observations, but with some discrepancies occurring after 2100 LT. Assimilation of neutral
wind observations from ground-based Fabry-Perot interferometer or satellites may be helpful in future study.
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