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Abstract Latitudinal distances between the two equatorial ionization anomaly (EIA) crests in total electron
content (TEC) of global ionosphere map (GIM) are used to derive the daily dynamo eastward electric field

by comparing the eastward electric field calculated by ROCSAT-1 vertical ion velocity in four seasons. The
electric fields derived by the EIA crests of GIM TEC, ROCSAT-1 ion velocity, and the incoherent scatter
radar (ISR) observations at Jicamarca are generally in good agreement in longitudes and seasons. Meanwhile,
the electric fields derived by the EIA crests agree well with those by ROCSAT-1, FORMOSAT-7/COSMIC-
2, and Jicamarca ISR on individual days. A long-term study of the GIM-TEC crest distance reveals obvious
solar activity dependency of the daily dynamo electric field during 1999-2020. These agreements confirm
that the EIA crest can be used to derive the daily eastward dynamo electric field and the associated vertical
ion velocity which is responsible to the strength of equatorial plasma fountain and the latitudinal extend of the
EIA. Moreover, the vertical ion velocity derived by the GIM-TEC crest distance is further used to improve the
SAMI2 model for space weather applications.

Plain Language Summary Equatorial ionization anomaly (EIA) is the most prominent feature in
the ionosphere. During the morning, the eastward electric field induced by the tidal wind in the off-equator
E-region activates the E X B plasma fountain and results in the prominent EIA crests on both sides of the
magnetic equator. The global ionosphere map (GIM) routinely and globally displays the EIA crest of total
electron content (TEC). Here, we show that the latitudinal distance of the GIM TEC crests between northern
and southern hemispheres can be used to derive the daily eastward dynamo electric field and the associated
vertical ion velocity in the equatorial ionosphere. Moreover, the derived vertical ion velocity is further used to
improve ionosphere models for space weather applications.

1. Introduction

Equatorial ionization anomaly (EIA) is the most prominent feature in the ionosphere (Davies, 1990; Kelley, 2009;
Ratcliffe, 1974). During the morning, the eastward electric field induced by the tidal wind in the off-equator
E-region is mapped along magnetic field lines into the equatorial F-region, which activates the E X B fountain
and uplifts the plasma to the upper F-region. Owing to the gravity and plasma pressure gradients, the plasma
further preferentially diffuses along the magnetic field and leads to the prominent EIA crests on both sides
of the magnetic equator (Anderson, 1973; Anderson et al., 2002; Duncan, 1960; Hanson & Moffett, 1966;
Ratcliffe, 1974; Wright, 1963). It is well known that ionospheric weather, especially over the EIA region, strongly
affects Global Navigation Satellite System (Klobuchar, 1991; Yue et al., 2016), satellite-based navigation (Roy
and Paul, 2013), and high-frequency (HF) radar communication (Freeman, 2006; Harris, 2005; Yeh et al., 1972).
E x B drifts driving the equatorial plasma fountain play an important role on the formation of large-scale iono-
spheric features such as wavenumber-4 (Sagawa et al., 2005; Immel et al., 2006) and equatorial irregularities
(Dabas et al., 2003; Fejer et al., 1999), which significantly influence satellite and HF radar communications. A
better understanding on the E X B drifts is essential to clarify the mechanism of those ionospheric features which
are of value for navigation and communication systems.

Rastogi and Klobuchar (1990) reported that the latitudinal locations of the EIA crests of the total electron content
(TEC) are dependent on the strength of the equatorial electrojet (EEJ) current which can be estimated by the
deviation in the horizontal H component (AH). Chen et al. (2008) find that latitudinal locations of the EIA crests
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of TEC are proportional to AH, and the time delay of about 3—4 hr between EIA crest and AH maximum is a func-
tion of seasons. Anderson et al. (2004) observed the significant correlation between AH and vertical E X B drifts
in the Peruvian longitude sector, while Fang et al. (2008) utilize TIE-GCM model simulations to find the relation-
ship between AH and vertical E X B drifts. Fang et al. (2009) compare Global Ionosphere Plasmasphere model
simulations and ROCSAT-1 observations and report the causal link between EIA crests and vertical E X B drifts.

Scherliess and Fejer (1999) employed Jicamarca plasma drift from 1968 to April 1992 and Atmosphere Explorer
satellite vertical plasma drifts from January 1977 to December 1979 to establish an empirical equatorial vertical
drift model. Fejer et al. (2008) utilizing ROCSAT-1 observations in 1999-2004 constructed a quiet time global
empirical model for vertical plasma drifts in the equatorial F region. The two models have been widely used as
input for most of the general ionospheric models such as SUPIM (Sheffield University Plasmasphere Ionosphere
Model) (e.g., Bailey & Balan, 1996; Bailey et al., 1997; Bravo et al., 2017, 2019) and SAMI-2/SAMI-3 (SAMI2
is another model of the Ionosphere) (Chen et al., 2013; Huba et al., 2000). To extend databases of the two models,
EIA crest locations in the global ionosphere map (GIM) of TEC are employed to derive the daily eastward
dynamo electric field, while ROCSAT-1 vertical ion velocities are utilized to compute the co-located and concur-
rent zonal electric field (Kelley, 2009). Based on the correlation between the EIA crest location of GIM-TEC and
the computed zonal electric field in the same magnetic longitude during the morning period of 1999-2004, we
study the daily eastward dynamo electric field using the distances of EIA crest of the GIM-TEC in the equatorial
ionosphere at various local time, longitudes, seasons, and solar activities. The developed GIM-TEC technique
allows us studying daily dynamo eastward electric fields from 2005 to 2020, which can be not only applied to
derive daily dynamo electric fields as a stand-alone model in the equatorial ionosphere, but also used to be the
E x B drift input of existing global ionosphere models.

2. Methodology and Observations

To find the correlation between the EIA crest location and the equatorial eastward electric field, we examine EIA
crest locations of GIM-TEC routinely published by Center for Orbit Determination in Europe (CODE) every 2 hr
with the 2.5° geographic latitude X 5° geographic longitude spatial resolution, and vertical ion drifts measured by
ROCSAT-1 (Chang et al., 1999; Su et al., 1999; Yeh et al., 1999) with an inclination of 35° during 1999-2004.
Based on Kelley (2009), the upward ion velocity, V,,, can be used to derive the associated eastward electric field,
E,, which can be expressed as,

ExX=-V,2X B, 7, (1

where By is the northward component of Earth's magnetic field from IGRF (International Geomagnetic Refer-
ence Field, http://wdc.kugi.kyoto-u.ac.jp/igrf/index.html). From Equation 1, we use the observed ROCSAT-1 ion
upward velocity (V, o) to estimate the eastward electric field Ey . within +9° magnetic latitudes.

Figure 1 depicts a typical GIM at 1900 UT on 21 September 2001, which reveals two EIA crest latitudes, the
northern (L) and southern (L,), together with their distance of the two (AL = L, —L) in TEC appearing between
—135 and —30°E longitude during 1000—1700 local time. We further focus on the geomagnetic quiet condition
of Dst >—30 nT, and statistically analyze the correlation between Ey . and L /L /AL in 4 seasons of M-month
(February—April), J-month (May—July), S-month (August—October), and D-month (November—January) during
1999-2004. Following Chen et al. (2008), we take into consideration of that Ey leads L /L/AL by 4 hr in M-
and S-month and 3 hr in J- and D-month, and compute the correlation coefficients accordingly. For example,
in S-month, once L /L/AL is defined, we find the col-located Ey 4 hr earlier. To remove unwanted background
noises, we further calculate the median of Ey o, which is denoted Ey o, and its associated L,/L/AL. Figure 2

shows that for the 95% confidence interval, the correlation coefficients of Ey poc versus L, L, and AL are
significant in the four seasons. The positive and negative correlation coefficients indicate that the EIA crests
move poleward in the northern and southern hemispheres, which is associated larger eastward electric fields.
Similarly, the larger AL should result from the stronger eastward electric field. Note that the correlation coeffi-
cient of Ey po-AL is systematically greater than that of Ey oL, or Ey poc-L, in each month. This suggests that
the trans-equatorial neutral wind is essential, and AL is a better parameter to estimate the eastward electric field.

Based on the slope of m and the intercept on the y-axis of s in Figure 2, the equatorial eastward electric field Ey
can be expressed as,
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Figure 1. The typical Center for Orbit Determination in Europe global ionosphere map at 1900°UT on 21 September 2001.
Black dots indicate equatorial ionization anomaly crest positions. The white solid line represents the magnetic equator, the
white dashed lines are £20°N magnetic latitude, and the gray solid line stands for a magnetic flux tube at —13.6°E magnetic
longitude.

AL —
Exar = S, 2)
m

Thus, AL along each longitude can be used to derive Ey ,, in various longitudes and seasons during the 5 years
of 1999-2004. The approach consists of the following steps:

Step 1. Find the magnetic latitude of north and south EIA crest locations along the same magnetic longitude.
Step 2. Compute the latitudinal distance (i.e., AL) of the two EIA crests.
Step 3. Derive Ey ,, via Equation 2 and the associated E X B drift (i.e., V, ;) via Equation 1.

Meanwhile, Fejer et al. (2008) used 5-year ROCSAT-1/IPEI measurements in 1999-2004 constructing a quiet
time global empirical model for vertical plasma drifts in the equatorial F region. Following Fejer et al. (2008) and
based on Equation 1, we compute the diurnal variations of the upward ion velocity, V,, o, and derive the asso-
ciated eastward electric field, Ey o at the magnetic equator in various longitudes and seasons during the study
period. Figure 3 reveals that in general, the pattern of Ey ,; agrees well with that of Ey ., where the two elec-
tric fields begin increasing in the morning around 0600 LT, reach their maximum at 1000-1200 LT, and subse-
quently decrease after 1200 LT. Table 1 lists the root-mean-square errors (RMSEs) between Ey ,; and Ey -

For overall (—180 to 180° longitude), Ey ,, is nearly identical to Ey g, especially in M-, J-, and S-months
(RMSEs = 0.05-0.12 mV/m). This shows that AL in GIM TEC can be used to estimate the eastward electric field
at the magnetic equator in various longitudes from 0400-0600 to 1200-1400 LT. We further utilize electric fields
observed by the incoherent scatter radar at Jicamarca Radio Observatory (—11.95°N, —76.87°E, 1°N, magnetic),
Ey jro to validate Ey ,,. Table 1 also displays the RMSEs between Ey ,; and Ey (. Figure 3 and Table 1 depict
that Ey ,; and Ey poc well agree with Ey ., especially in M-, S-, and D-month (RMSEs = 0.10-0.18 mV/m).
However, in J-month, Ey AL has been somewhat underestimated at 0530-0600 LT, but overestimated at 0700-1230
LT, while Ey jz, is slightly larger than Ey po. during 0400-0600 LT. Nevertheless, overall, the strength and
variation of Ey ,; are compatible, and yield a similar tendency to those of Ey - and Ey . in each longitude,
especially during equinoxes.

Since Ey ,;» Ex poc» and Ey jpo in various longitudes and seasons generally yield nearly identical tendencies,
we then try to derive Ey ,, at Jicamarca on a certain day. Figure 4 displays the diurnal variation of GIM TEC as
well as the eastward electric fields of Ey ,;, Ex jpo, and Ey poc 0n 19 March 2002 (solar radio flux at 10.7 cm,
F10.7 = 173.3 sfu, solar flux unit). Ey ,, begins to elevate in 0900-1100 LT and yield a constant value in
1100-1230 LT, which is almost the same as Ey o (RMSE = 0.17 mV/m). On the other hand, Ey o has a
constant value in 0900-1200 LT and begins to decline after 1200 LT (RMSE = 0.21 mV/m). Nevertheless,
general patterns and values among the three electric fields are nearly identical during 0900-1300 LT. We further
calculate the eastward electric field, Ey prco by FORMOSAT-7/COSMIC-2 upward ion velocity, and derive the
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Figure 2. Scatterplots of Ey o versus L /L /AL in various seasons of 1999-2004. Gray dots are Ey . and its associated
L,/LJAL. Blue dots are the median of 100-points of Ey poc. Ex poc» sorted from smallest to largest one and its associated
L /LJAL. Black solid lines represent the linear regression of the blue dots. Correlation coefficients and linear regression
equations of the blue dots are denoted in each figure. The parenthesis behind the correlation coefficients is the associated 95%
confidence interval.
collocated/concurrent Ey ,, at —120°E longitude on 25 September 2019 (F10.7 = 67.9 sfu). Figure 5 shows
that the tendency of Ey ,, is very similar to Ey oo (RMSE = 0.24 mV/m), while Ey g, tends to decrease in
0700-1230 LT (RMSE = 0.19 mV/m). Nonetheless, the general pattern of Ey ,, is comparable with Ey ., and
Ey roc during 0630-1230 LT. The almost identical patterns between Ey ,; and Ey poo/Ex jpo/Ex grc, (Figures 4
CHENG ET AL. 4 of 10
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Figure 3. Diurnal variations of Ey ,; and Ey . in various seasons and longitudes. Due to the offset between Ey ,; and Ey (., the time leading of 3-6 hr denoted in
the figure is determined by root mean square errors between Ey ,; and Ey . The magenta lines are Ey p, derived from vertical ion drifts in 300-400 km altitude at
Jicamarca. Ey o is the eastward electric field derived by the ROCSAT-1 upward ion velocity within +9°N magnetic latitude every 30 min.

and 5) indicates that GIM-TEC AL can be used to be a proxy of the diurnal variation of the eastward electric
field on an individual day during both high and low solar activities. Owing to the agreements in Figures 3-5, we
further apply AL of the GIM-TEC crests examining the equatorial eastward electric field of the globe during the
long-term period of 1999-2020. Figure 6 illustrates Ey ,, at 1100 LT in various longitudes and the associated
longitudinal averages as well as F10.7 during the study périod, which shows that variations of the global averaged
Ey 5 and the solar activity yield similar tendencies.

Table 1

Root-Mean-Square Errors Between Ey ,, and Ey poc

RMSE (mV/m) M-month J-month S-month D-month
—165° 0.08 0.04 0.20 0.13
—120° 0.13 0.22 0.12 0.10
=75° 0.13 (0.18, 0.07) 0.37 (0.42, 0.10) 0.11 (0.14,0.12)  0.10 (0.12, 0.10)
-30° 0.11 0.26 0.36 0.44
15° 0.09 0.16 0.12 0.13
60° 0.36 0.24 0.30 0.27
105° 0.08 0.06 0.13 0.46
150° 0.10 0.08 0.13 0.25
—180°-180° 0.07 0.05 0.12 0.23

Note. Numbers in the bracket denote root-mean-square errors between (former) Ey ,; and Ey jz as well as (latter) Ey ;.
and Ey ¢oc-
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Figure 4. The diurnal variation of global ionosphere map total electron

content (TEC), Ey ,;, Ex roc> and Ey jpo on 19 March 2002. The upper panel

represents the Latitude-LT-TEC plot at —75°E longitude. Black dots are
equatorial ionization anomaly crest locations. The lower panel displays the
diurnal variation of Ey ;, Ex poc> and Ey jpo. The magenta solid line is the

average electric field in 300-400 km altitude at Jicamarca. The blue and black
dotted lines are Ey ,; and Ey_poc Tespectively, in the —75°E longitude sector
during 0900-1300 LT. The root-mean-square errors between Ey_,; and Ey poc
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Figure 5. The diurnal variation of global ionosphere map total electron
content (TEC), Ey 4., Ex pycy» and Ey i at —120°E longitude on 25
September 2019. The upﬁer panel repfesents the Latitude-LT-TEC plot
at —120°E longitude. Black dots are equatorial ionization anomaly crest

locations. The lower panel displays the diurnal variation of Ey ,;, Ex ¢, and

Ey roc- The blue and black dotted lines are Ey ,, and Ey p,q,, respectively,
in the —120°E longitude sector during 0630-1230 LT. The gray dotted line
is Ey poc shown in Figure 3. The root-mean-square errors between Ey ,;
and Ex_wcz as well as Ey ; and Ey o are 0.19 mV/m and 0.24 mV/m,

respectively.

3. Results and Discussion

The GIM-TEC depicts that EIA crests of L, and L, move poleward and
the distance between the two crests of AL becomes large when the asso-
ciated equatorial eastward electric field derived by the ROCSAT-1 upward
ion velocity is intense (Figure 2). The significant correlation coefficients
of 0.62-0.89 between Efooc and L /L/AL in Figure 2 are in good agree-
ment with previous studies (Chen et al., 2008; Rastogi & Klobuchar, 1990;
Stolle et al., 2008). Figure 3 shows that the eastward electric field derived by
GIM-TEC AL and that by the ROCSAT-1 database well agree with each other
from 0400-0600 to 1200-1400 LT, which suggests that the crest distance, AL,
in GIM-TEC can be an adequate proxy of the daily eastward dynamo electric
field in the equatorial ionosphere. In general, Ey ,; is more consistent with
Ey poc during equinoxes than solstices due to the more prominent meridi-
onal wind effects during solstices (Khadka et al., 2018; Luan et al., 2015).
Nonetheless, Table 1 shows that RMSEs are smaller than 0.3 mV/m in 26
out of 32 longitude regions. The discrepancies in Figure 3 are that Ey o iS
smaller than Ey ,; at —120° longitudes, where is the positive declination of
the magnetic field, in J-month, as well as those at =30, 60, and 105° longi-
tudes, where is the negative declination, in D-month. Note that Hartman and
Heelis (2007) study measurements from the ion drift meter on the Defense
Meteorological Satellite Program F15, and suggest that at the satellite alti-
tude the meridional wind results in a westward dynamo electric field in the
region where the declination is positive in J-month and negative in D-month.
It might be the westward dynamo electric field suggested by Hartman and
Heelis (2007) results in the smaller Ey g than the Ey ;. Nevertheless, the
discrepancies indicate that the meridional wind and declination are important
at certain locations during certain seasons.

Over Jicamarca (—75°E longitude), Ey ,;, Ex goc> and Ey i, are generally
in good agreements (RMSEs ranging from 0.10 to 0.13 mV/m), except that
Ey jro 18 higher than Ey ;. during 0400-0600 LT in J-month, which corre-
sponds with the weaker correlation coefficient between the monthly averaged
EEJ intensity and the monthly averaged EIA crest location in the American
sector mainly in May-August as reported by Liu et al. (2020). On the other
hand, the pattern of Ey_,, in —30°E longitude highly deviating from that of
Ey poc in the 4 months might be due to limited available ground-based GNSS
receiving stations in the region (see IGS, https://igs.org/network/#station-
map-list), which results in less reliable acquisition of the EIA crest locations.

Figures 4 and 5 show that Ey ,; agrees well with Ey , and Ey g, on indi-
vidual days during the high and low solar activity periods, which demon-
strate that AL of GIM EIA crests can be employed to derive the eastward
electric field of Ey ,, daily. This is important that due to limited mission
periods of satellite-based measurements and limited spatial coverage of the
ground-based observations, one can take advantage of the GIM TEC to esti-
mate the global daily dynamo electric fields. Meanwhile, Figure 6 shows
the eastward electric field of Ey ,, in various longitudes, seasons, and solar
activities during 1999-2020. Li et al. (2017) examined the 11-year solar
cycle response of the EIA observed by GPS radio occultation and found that
during high solar activity periods, the location of the EIA crests moves ~10°
poleward because of the enhanced E X B electromagnetic force. The agree-
ments in the poleward motion of Figure 2 and Li et al. (2017) as well as in
the solar activity effect of Figure 6 and Li et al. (2017) confirm that AL can
be used to derive the daily eastward dynamo electric field. Several physical
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Figure 6. Annual variation of Ey ,, at 1100 LT in 1999-2020 (left) and the longitudinal average of the Ey ,, (right). The
blue solid line is monthly F10.7, the gray solid line represents the longitudinal average of Ey ,, in various months, and the
black solid line stands for the longitudinal average of Ey ,, in various years. Some data gapsimight be due to the limited
(about 70-130s) ground-based GNSS receivers available, which result in difficulties in identifying the equatorial ionization
anomaly crest locations and in calculating the electric field in 1999.

based models of ionosphere, such as the SAMI-2/3 and the SUPIM utilize the empirical equatorial vertical drift
model developed by Scherliess and Fejer (1999) and Fejer et al. (2008). It is found that these empirical vertical
drift models are more realistic than the simplified sine function model representation of the vertical drift (Huba
et al., 2000). Note that the abovementioned empirical models are constructed by using satellite and ground-based
observations and the database has ended by 2004. Here, we employ the long-term observations of the CODE GIM
EIA crests to derive the daily eastward dynamo electric field in 1999-2020, which covers two solar cycles with
various solar activities.

Scientists investigate responses of dynamo electric fields and E X B drifts to various ionospheric features, for
example, large-scale tidal waves (Fang et al., 2009; Liu & Richmond, 2013) and irregularities (Basu et al., 2009;
Huba et al., 2008), using various ionospheric physical models. To evaluate how the technique developed in this
study improves the ionosphere models, V, ,, derived by Ey ,; and magnetic fields of IGRF via Equation 1 is
further utilized as the input for the model runs of SAMI-2 at 60°E longitudes. Figure 7 displays an example
outputs of the ionosphere model runs driven by the various vertical E X B drifts at 3 September 2019. The simula-
tions take vertical E X B derived from Fejer-Scherliess empirical model, GIM-TEC V, ,, and ROCSAT-1 V,, ;¢
as input to the magnetic equator to drive the equatorial plasma fountain and EIA. As the vertical E x B drifts
from GIM-TEC is only available at 0430-1130 LT, we scale up/down the Fejer-Scherliess drifts of the entire day
based on the percentage difference between the two models when GIM-TEC drifts are available to reconstruct
the GIM-TEC derived drifts for the entire day. Figure 7a shows the three models of vertical E X B drifts. TEC
plots and their differences in Figure 7 are arranged in the global constant local time at 1400 LT in order to assess
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Figure 7. (a) Vertical E X B drifts from Fejer-Scherliess model (blue), global ionosphere map-total electron content (GIM-TEC) (red), ROCSAT-1 (orange) and
(b—d) SAMI-2 model outputs driven by these E X B drifts at global constant local time of 1400 LT on 3 September 2019. Percentage differences of the model outputs
in respect to the reference run of Fejer-Scherliess drift model are also plotted in (e) and (f). Black solid lines in (b—d) denote the magnetic equator of center-dipole
coordinate used by SAMI-2. The root-mean-square error in (a) between E X B drifts from Fejer-Scherliess model and GIM-TEC is 12.09 m/s, and that between
Fejer-Scherliess model and ROCSAT-1 is 16.26 m/s.

how the global ionosphere responses to the drift models. These simulation results show the corresponding EIA
strengths in responses to the three drift models. Figure 7 confirms that our approach provides an alternative and
novel way for deriving dynamo electric fields, which will continuously benefit the current ionosphere models for
a better understanding of the ionospheric space weather during the various solar activity periods.

4. Conclusion

We confirm that AL in GIM TEC minimizing the trans-equatorial wind effects is a suitable proxy to derive the
global eastward dynamo electric field in various longitudes, seasons, and solar activity levels. The values of our
technique for the space weather application are summarized as follow:

1. One can evaluate the variations of vertical E X B drifts inferring from the same observation parameters
(GIM-TEC). Whereas the vertical E X B drifts measured by difference instruments on board satellites may be
suffered from the instrumental biases or uncertainties.

2. Routinely published GIMs allow us deriving the long-term dynamo electric field and the associated E X B
drift across the globe. By contrast, ground-based radars and satellites usually yield limited spatial coverage
and temporal resolution, respectively.

3. Scientists can employ the developed model either as a stand-alone one to derive the electric field directly, or
computing E X B drifts as input to the existing ionospheric model to have a better understanding on space
weather.

Data Availability Statement

The authors gratefully acknowledge Taiwan Space Science Database for providing ROCSAT-1 data which can be
obtained from https://cdaweb.gsfc.nasa.gov/pub/data/formosat-rocsat/formosat-1/, as well as NSPO and Taiwan
Analysis Center for COSMIC for providing FORMOSAT-7/COSMIC-2 data. The total electron content (TEC) of
global ionosphere maps is retrieved from the Center for Orbit Determination in Europe (https://cddis.nasa.gov/
Data_and_Derived_Products/GNSS/atmospheric_products.html#iono). The Jicamarca incoherent scatter radar
data can be obtained from the website of http://jro.igp.gob.pe/madrigal/.
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