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Abstract We report on the development of a new mathematical expression to estimate local daytime
(0700–1700 LT) vertical E×B drift in low latitudes using a combination of ground-based magnetometer
measurements and Communications and Navigation Outage Forecasting System (C/NOFS) satellite
observations. The expression was developed over Jicamarca (11.8∘S, 77.2∘W; 0.8∘N geomagnetic) and
validated with Jicamarca Unattended Long-Term studies of the Ionosphere and Atmosphere (JULIA) mode
and incoherent scatter radar (ISR) measurements during the period 2008–2014. The obtained correlation
coefficient (R) values computed using observed and derived vertical E×B drift velocities are 0.79 and 0.84
for ISR and JULIA, respectively when data are available during 2008–2014. Storm-time comparison between
observed and derived vertical E×B drift velocities agreed well with R of 0.92 and 0.87 during 5–8 August
2011 and 8–11 March 2012 geomagnetic storm periods for ISR and JULIA observations, respectively. Overall,
we found that the developed expression is applicable in estimating vertical E×B drift response during
quiet and geomagnetic storm periods. Based on these findings, we suggest that it is possible to develop
accurate daytime global vertical E×B drift model over the equatorial latitude regions using inexpensive
magnetometer observations and available satellite data.

1. Introduction

The importance of zonal electric fields in influencing plasma electrodynamics in low or equatorial latitude
regions is well known (e.g., Fejer et al., 2008; Huang et al., 2005; Patra et al., 2004, 2014; Scherliess & Fejer,
1997; 1999) and includes controlling the extent of the equatorial ionization anomaly and vertical coupling
between the low- and high-altitude ionospheric layers and associated physical processes. However, in gen-
eral, electric field data remain sparse in most longitude sectors. Traditionally, day-to-day variability studies
of equatorial vertical E×B drifts at all local times were possible using the Jicamarca incoherent scatter radar
(ISR). The evidence that 150-km echoes are a proxy of F2 region vertical E×B drifts (e.g.,Chau & Woodman,
2004; Kudeki & Fawcett, 1993) has made it possible to study changes of vertical E×B drifts in other longitude
sectors during local daytime (Patra & Rao, 2006; Patra et al., 2008). Although there have been deployment
of backscatter 150-km echo radars that have filled data gaps in different longitude sectors such as India and
Indonesia (Patra & Rao, 2006; Patra et al., 2008, 2012, 2014), there is still limited vertical E×B drift observations
in other regions hindering accurate understanding of the global ionospheric plasma dynamics. It therefore
still remains necessary to explore different techniques or approaches that can improve data coverage both in
time resolution domain and in different longitude sectors. In this regard, satellite data provide the necessary
global coverage, but are noncontinuous over particular longitude sectors and local times and are hence more
appropriate for developing climatological models. Logistically, it is almost impossible to deploy radars at all
longitude sectors due to the huge acquisition and operational costs. In an effort to increase continuous verti-
cal E×B drift data coverage in low/equatorial latitudes, we propose a simple mathematical approach based
on simultaneous consideration of ground-based magnetometer and Communications and Navigation Out-
age Forecasting System (C/NOFS) satellite data. The first challenge with this is how to validate the proposed
approach since vertical E×B drift data are scarce in many longitude sectors. For the beginning, this is best
done over a location or longitude sector with extended vertical E×B drift observational data, which makes
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Jicamarca (11.8∘S, 77.2∘W; 0.8∘N geomagnetic) an excellent choice for this study. The developed approach
can then be transferable to other longitude sectors with a particular level of confidence. We have developed a
simple expression relating daytime equatorial electrojet (EEJ) estimated from magnetometer measurements
(ΔH) using the differential method (e.g., Anderson et al., 2002, 2004; Rastogi & Klobuchar, 1990) and C/NOFS
vertical component of the ion plasma drift observations over Jicamarca during 2008–2014. These two data
sets can be related based on previous findings that ground-based magnetometer derived EEJ approximates
daytime changes in the vertical component of the phase velocity of irregularities near 150 km (e.g., Ander-
son et al., 2004; Chau & Woodman, 2004) which correspond to the vertical ion drift and thus the zonal electric
field in equatorial regions. The developed expression was validated with Jicamarca ISR’s vertical E×B drift and
Jicamarca Unattended Long-term studies of the Ionosphere and Atmosphere (JULIA) system data, including
separate treatment of different geophysical conditions. We wish to state that it has been shown previously
that JULIA vertical E×B drift data correlate well with EEJ (e.g., Anderson et al., 2004) and have high agreement
with ISR vertical E×B drift observations (Chau & Woodman, 2004; Kudeki & Fawcett, 1993). A clear historical
perspective linking 150-km echo Doppler velocities to equatorial vertical drifts along with relevant references
has been presented in Rodrigues et al. (2015). Ground-based magnetometer data have advantage of being
continuous with high temporal resolution and are available in a number of longitude sectors, thus increasing
the probability of getting coincidental observations when the satellite is within the vicinity of the magne-
tometer location. It is established that the difference between horizontal components of the Earth’s magnetic
field observations (ΔH) from magnetometer locations at the equator and about 6∘–9∘ away from the equator
is a proxy of EEJ, which has a linear relationship with vertical E×B drift (Anderson et al., 2002, 2004; Yizengaw
et al., 2014) during local daytime. Therefore, the development of a mathematical relationship between C/NOFS
vertical ion plasma drift andΔH has the potential to provide high temporal resolution vertical E×B databases
in longitude sectors where low-latitude magnetometers exist. This would in turn contribute to formulation
of empirical models in equatorial latitudes as well as performing extended day-to-day vertical drift variabil-
ity on a long-term basis by utilizing the extended magnetometer network consisting of pairs that satisfy the
criteria for estimating EEJ (e.g., Yizengaw & Moldwin, 2009). Although the approach based on magnetometer
observations is valid during local daytime, it may be possible in future to develop E×B drift models cover-
ing all times by combining vertical E×B drift data estimated from daytime magnetometer ΔH and nighttime
satellite observations.

2. Data Sources and Method

The Ion Velocity Meter, one of the instruments of the Coupled Ion Neutral Dynamics Investigation package
on board C/NOFS satellite provides in situ observations of equatorial meridional/vertical component of the
ion plasma drift (e.g., Stoneback et al., 2011, 2012; Yizengaw et al., 2014) that are used in this study. C/NOFS
satellite which was launched in April 2008 in a 13∘ inclination orbit had initial perigee and apogee at 400 km
and 850 km, respectively (Stoneback et al., 2011). The Ion Velocity Meter instrument provides vertical ion
plasma drift, ion composition, and temperature. Detailed information about the instrument calibration for
ion plasma drift measurements can be found in Stoneback et al. (2012). The other instrument of Coupled Ion
Neutral Dynamics Investigation is the neutral wind meter that gives neutral velocity and density observa-
tions. In our analysis, we limited C/NOFS vertical ion plasma drift (equivalent to vertical E×B drift at about
400 km) observations within ±4∘ latitude from the geomagnetic equator based on the fact that the EEJ is a
strip of enhanced current within ±3∘ from the dip equator. Also, a study by Manoj et al. (2006) showed that
the correlation between EEJ derived from ground-based magnetometer data and CHAMP satellite observa-
tions deteoriated beyond ±4∘ from the geomagnetic equator. The longitudinal consideration was limited
within 77.2∘W ± 8∘ to ensure that the local time did not change considerably, while the altitude range was
400–550 km, which has been used in several investigations (e.g., Rodrigues et al., 2015; Stoneback et al.,
2011; Yizengaw et al., 2014). From now onward and for convenience purposes, there may be instances where
C/NOFS vertical ion plasma drift is simply referred to as C/NOFS vertical E×B drift, especially during the
comparison with ISR and JULIA measurements. The outliers in C/NOFS vertical E×B data were removed per
satellite pass (within our defined latitude/longitude and altitude grid) using the median filtering technique
centered at determining the median and median absolute deviation. The scaled median deviation (𝛿) was
determined following a procedure in Huber (1981), Huber and Ronchetti (2009), and Lomidze et al. (2018) as
𝛿 = b × median(|yi − median(yi)|), where the constant b = 1.4826 is associated with data exhibiting nor-
mal distribution (e.g., Leys et al., 2013; Rousseeuw & Croux, 1993) and yi are the time series observations, in
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this case, per satellite pass within the defined spatial/altitude resolution. Therefore, values outside the range;
median ± 2.5𝛿 (per satellite pass) were eliminated from further analysis. In total, the combination of median
and scaled median absolute deviation removed 2.82% of C/NOFS vertical ion drift as outliers which did not
exhibit regular trend in their diurnal temporal variability.

The EEJ was determined from horizontal component of the Earth’s magnetic field using a pair of magnetome-
ter stations; Jicamarca (11.8∘S, 77.2∘W; 0.8∘N geomagnetic) and Piura (5.2∘S, 80.6∘W; 6.8∘N geomagnetic).
Differencing H component (to give ΔH) using magnetometer data from a station located at the equator and
another one away from the equator by 6∘–9∘ is a widely accepted method of determining EEJ and or ver-
tical E×B drift (Anderson et al., 2002, 2004; Rastogi & Klobuchar, 1990; Yizengaw et al., 2011, 2012) during
local daytime. The reader is referred to Anderson et al. (2002, 2004) and Yizengaw et al. (2012) for a detailed
description of the method.

Figure 1 shows (a) the location of Jicamarca and Piura magnetometer stations (red dots) along with the spa-
tial coverage considered for C/NOFS vertical ion drifts (enclosed in blue dashed lines) around Jicamarca, (b)
daytime H (nT) after removing the background H value by subtracting the average nighttime baseline value
between 2300 and 0300 local time (Yizengaw et al., 2014) over Jicamarca (black curve) and Piura (blue curve)
for 8 January 2011, and (c) daytime ΔH (nT) obtained using data in (b) as well as available C/NOFS vertical ion
drift (m/s) (plotted as black dots) on 8 January 2011. Figure 1c shows that for most of the time when data are
available, C/NOFS vertical ion plasma drift and magnetometer ΔH agree even in revealing downward vertical
drifts manifesting as negative values in the observations. There were considerable instances with negative
values of ΔH and C/NOFS vertical ion drift during our period of study as we will show later in the next section.
It has long been established that counterelectrojet (CEJ) occurs during local daytime in low solar activity con-
ditions (Rastogi, 1974). A recent longitudinal study over the African, South American, and Phillipine regions
during 2009 showed that there were occurrences of CEJ sometimes in local morning and especially in later
afternoon (Rabiu et al., 2017). Some of the mechanisms associated with CEJ include vertical upward winds
in equatorial regions (e.g., Raghavarao & Anandarao, 1980) and Sudden Stratospheric Warming (SSW) driven
dynamo processes (Vineeth et al., 2009). As a result of the prolonged solar minimum that caused complexities
in ionospheric changes especially during 2008–2011 (Chen et al., 2011; Perna & Pezzopane, 2016), our subse-
quent analysis and statistics involve significant CEJ durations when ΔH and C/NOFS vertical ion plasma drifts
were negative.

3. Relationship Between C/NOFS Vertical Ion Plasma Drift and Magnetometer
Observations

Selecting C/NOFS vertical ion plasma (or simply vertical E×B) drift data and ΔH at times when both data
sets are available within 2008–2014 yields a data set that can be used to develop a mathematical relation-
ship between these two variables. The exact data range used starts from 5 September 2008 (at 1206 LT) to
6 March 2014 (1005 LT). Figure 2 shows the outcome of C/NOFS vertical ion plasma drift and ΔH data with a
correlation coefficient of 0.57 (number of data points is 3,939) during local daytime (0700–1700 LT). Recently,
Kumar et al. (2016) reported similar results by comparing EEJ and vertical E×B drifts from ROCSAT-1 in the
Indian and Japanese sectors and over Jicamarca where a simultaneous comparison was done using JULIA and
EEJ to assess the agreement at different altitudes. Using data during 2001–2013, Kumar et al. (2016) obtained
correlation coefficient values of 0.61 and 0.56 between ROCSAT measurements and ΔH over the Indian and
Japanese sectors, respectively. When separated according to levels of geomagnetic activity, correlation val-
ues during quiet conditions (Kp < 3) were 0.6 and 0.52 over the Indian and Japanese sectors, respectively,
during 2001–2003. It therefore appears that correlation values do not vary much based on geophysical con-
ditions. Magnetometer data have temporal resolution of 1 min and were used as a benchmark for choosing
the coincidental C/NOFS data. A relationship between JULIA vertical E×B drifts and magnetometer ΔH has
previously been established (Anderson et al., 2004) over Jicamarca using 2001–2003 data sets. Among the
different approaches investigated, Anderson et al. (2004) developed an expression estimating vertical E×B
drifts as a third-order polynomial function of ΔH using JULIA and magnetometer measurements during local
daytime. We note that this expression was developed for data sets that were close in terms of altitude vari-
ations. Magnetometer ΔH is a proxy of EEJ which is the eastward current within the ionospheric E region
at ≃120 km (Anderson et al., 2004; Rastogi & Klobuchar, 1990; Richmond, 1973), while JULIA vertical E×B
drift data are regarded as measurements at 150 km (e.g., Chau & Woodman, 2004; Kudeki & Fawcett, 1993;
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Figure 1. (a) Location of magnetometer stations (red dots), illustration of the spatial coverage (within the blue
enclosure) used for C/NOFS vertical ion drift data consideration within altitude of 400–550 km around Jicamarca,
(b) daytime H (nT) after removing the background H value by subtracting the average nighttime baseline value between
2300 and 0300 local time over Jicamarca (black curve) and Piura (blue curve) for 8 January 2011, and (c) daytime ΔH (nT)
or simply EEJ obtained using data in (b) along with available C/NOFS vertical ion drift (m/s) (plotted as black dots) on 8
January 2011. In (a), the dashed black line represents the geomagnetic equator while the solid black lines show the
southern and northern crests of the equatorial ionization anomaly at ±15∘ from the geomagnetic equator. C/NOFS =
Communications and Navigation Outage Forecasting System.

Patra et al., 2014). In our case, we are correlating ΔH (EEJ) at ≃120 km with C/NOFS vertical ion plasma drift
(altitude range of 400–550 km) and therefore should experimentally determine the appropriate mathemati-
cal function that best relates the two sets of measurements. To determine the solution, we tested a number
of functions relating C/NOFS vertical ion plasma drift and ΔH (in Figure 2) and estimated vertical E×B drift
for the entire ΔH database during times when the ISR made observations (over the period 2008–2014).
The ISR observations were later used to validate the performance of each investigated expression. Table 1
shows the root-mean-square error, RMSE (m/s) and correlation coefficient (R) values for the different functions
investigated.

In Table 1, statistical values indicate that vertical E×B is best estimated with a cubic function of ΔH, which
has the lowest RMSE (7.13 m/s) and high R (0.78) over the interval 2008–2014. We suggest that this method
can be adopted for other longitude sectors (since satellite data are available) where there are magnetometer
measurements, hence increasing day-to-day vertical E×B drift coverage that has been previously limited to
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Figure 2. Representation of (a) simultaneous C/NOFS vertical ion plasma drifts (red dots) equivalent to vertical E×B
drift (m/s) and ΔH (nT; black positive sign) availability (2008–2014) over Jicamarca during local daytime (0700–1700 LT);
and (b) scatter plot of C/NOFS vertical ion plasma drift or E×B drift (m/s) and ΔH (nT). The derived cubic expression is
shown in (b) along with correlation coefficient (R) of 0.57 obtained using 3,939 number of observations. C/NOFS =
Communications and Navigation Outage Forecasting System.

regions with radar instrumentation. However, the coefficients of the cubic function should be redetermined
for each longitude sector under consideration to take into account local time effects such as contributions
to vertical E×B drifts arising from E region migrating and nonmigrating tides and longitudinal conductivity
differences (Lühr et al., 2008; Millward et al., 2001). A vital aspect to mention is that our study included the
extended low solar activity period of 2008–2010 where low correlation between solar activity and vertical
drift has been reported over the African sector (Dubazane et al., 2018). Observations during the extended
solar minimum of 2008–2009 showed complex behavior as they disagreed with the previously established
understanding that vertical E×B drifts have solar activity dependance (e.g.,Fejer et al., 1991; Richmond, 1973)
over the equatorial latitudes. Figure 3a shows the JULIA vertical E×B drift variability from 2001 to 2015 at
1200 LT. The solar flux F10.7 is superimposed on Figure 3a and generally shows little correlation from 2008

Table 1
RMSE and Correlation Coefficient (R) Values Between Vertical E×B Drift Estimated From the
C/NOFS Vertical Ion Plasma Drift-Magnetometer ΔH Relationship and Available ISR Measurements
Over Jicamarca During 2008– 2014

Function of ΔH for E×B estimation Correlation coefficient (R) RMSE (m/s)

Linear 0.762 7.27

Quadratic 0.774 7.309

Cubic 0.777 7.134

Fourth-order polynomial 0.774 7.198

Fifth-order polynomial 0.756 7.437
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Figure 3. (a) Comparison of JULIA vertical E×B (m/s) variability at 1200 LT (2001–2015) with solar flux at 10.7 cm
wavelength, F10.7 (2000–2016). The vertical red lines highlight the period (2005–2010) including the prolonged solar
minimum. Panel (b) shows an example of ISR E×B (m/s) availability at 1200 LT from 2008 to 2014 used in evaluating the
derived expression between C/NOFS vertical ion drifts and ground-based magnetometer ΔH (nT). JULIA = Jicamarca
Unattended Long-Term studies of the Ionosphere and Atmosphere; C/NOFS = Communications and Navigation Outage
Forecasting System.

to 2010, which may be directly related to the complexity of the ionospheric variability during this extended
solar minimum period (Chen et al., 2011; Ezquer et al., 2014; Perna & Pezzopane, 2016; Solomon et al., 2013). In
Figure 3b ISR vertical E×B drift changes are shown at 1200 LT during 2008–2014. Figure 3 generally demon-
strates that JULIA data are more extensive than ISR data during our period of study, 2008–2014. Based on
the data presented in Figure 3a showing no clear correlation between vertical E×B drift velocities and solar
activity during the extended solar minimum, we have also investigated developing separate expressions for
estimating vertical E×B drift in 2008–2010 and 2011–2014; and compared results with the combined data
sets’ outputs. The final expressions are

E × B = −6 × 10−6ΔH3 − 0.0002ΔH2 + 0.399ΔH − 1.872, for 2008 − 2014 (1)

E × B = −3 × 10−5ΔH3 + 0.002ΔH2 + 0.484ΔH + 0.123, for 2008 − 2010 (2)

E × B = 7 × 10−6ΔH3 − 0.001ΔH2 + 0.361ΔH − 3.488, for 2011 − 2014 (3)

Equations (1)–(3) were developed from the C/NOFS vertical ion plasma drift and ground-based magne-
tometer derived ΔH presented in Figure 2. The next section presents validation results of the developed
expressions.
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Figure 4. Scatter plots of measured (JULIA and ISR) vertical E×B drift and (a) ΔH, (b) C/NOFS vertical E×B, (c) derived
vertical E×B drift using equations (1), (d) derived vertical E×B drift using equations (2) and (3). JULIA = Jicamarca
Unattended Long-Term studies of the Ionosphere and Atmosphere; ISR = incoherent scatter radar; C/NOFS =
Communications and Navigation Outage Forecasting System.

4. Results and Discussion

Figure 4 shows scatter plots of observed (JULIA and ISR) vertical E×B drift and (a) ΔH, (b) C/NOFS vertical
E×B drift, (c) derived E×B drift using equation (1), and (d) derived E×B drift using equations (2) and (3). The
JULIA mode of the Jicamarca ISR provides E region (∼150 km) vertical irregularity drift assumed to be almost
equivalent to the background vertical E×B drift as shown in literature (e.g., Chau & Woodman, 2004). The ISR
provides drift profiles (200–800 km) and this study used the publicly available averaged drifts in the range
225–600 km. We should add that restricting ISR altitudes within the C/NOFS altitude (400–550 km) data con-
sideration did not significantly change results. In Figure 4a, the correlation between ΔH and JULIA vertical
E×B drift is higher (0.833) than the corresponding value for ISR vertical E×B drift (0.778). When ISR altitude
averaging was limited to 400–550 km, the correlation coefficient value slightly changed to 0.75. The difference
in correlation values between ΔH and JULIA/ISR vertical drifts is expected due to the altitudinal difference at
which JULIA and ISR provide E×B measurements. While JULIA vertical E×B drift data (at lower bottomside
F2 region of 150-km altitude) can be regarded as observations at constant altitude, it has been demonstrated
that ISR vertical E×B drifts have temporal altitudinal variability exhibiting a general increase and decrease
with altitude during morning and afternoon hours, respectively (e.g., Hui & Fejer, 2015; Pingree & Fejer, 1987).
Correlation results in Figure 4b for the case of JULIA and C/NOFS vertical E×B give RJULIA = 0.72 compared
to RISR = 0.53 for ISR and C/NOFS vertical E×B. Due to the altitude consideration, one would expect the cor-
relation to be higher for C/NOFS and ISR vertical drifts. It is noted that there were less cases of coincidental
C/NOFS and ISR vertical drifts observations, making it a bit difficult to conclude based on limited informa-
tion. Relatively low correlation between C/NOFS vertical E×B drift and JULIA/ISR measurements (compared
to R values for ΔH and ISR/JULIA data) is partly attributed to the different physical mechanisms at different
altitudes, and the fact that a longitudinal range of 16∘ for C/NOFS vertical E×B drift is considered.

In terms of correlation with respect to local time dependance, Table 2 shows R values computed between
ΔH and C/NOFS vertical ion plasma drift and derived and observed ISR/JULIA E×B drift during 2008–2014
at different times with interval of 2 hr. While the R values between ΔH and C/NOFS vertical ion plasma drift
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Table 2
Correlation Coefficient Values for Different Local Time Ranges During 2008–2014 Over Jicamarca

Correlation coefficient (R) between

ΔH (nT) and C/NOFS Derived and observed Derived and observed

Local time range vertical ion drift (m/s) ISR E×B (m/s) JULIA E×B (m/s)

07:00–09:00 0.558 0.802 0.820

09:00–11:00 0.583 0.705 0.868

11:00–13:00 0.524 0.766 0.847

13:00–15:00 0.385 0.833 0.818

15:00–17:00 0.230 0.803 0.737

Note. C/NOFS = Communications and Navigation Outage Forecasting System; JULIA = Jicamarca
Unattended Long-Term studies of the Ionosphere and Atmosphere; ISR = incoherent scatter radar.

are significantly lower for 13:00–15:00 LT and 15:00–17:00 LT, we see higher (above 0.7) R values between
derived and observed ISR/JULIA E×B drift at all local times. Starting from the developed expression relat-
ing ΔH and C/NOFS vertical ion plasma drift; which was later used to derive both ISR and JULIA vertical E×B
drift at times when their observations were available, we notice that the primary trend determinant of the
derived vertical E×B drift values is ΔH. Therefore, if the trend behavior of vertical drift variability is captured
in ΔH changes (which is usually the case), we expect improved results of derived ISR/JULIA vertical E×B drift.
In this case, the coefficients will affect mainly the magnitude and not the trend of the derived values. The R
values between ΔH and C/NOFS vertical ion plasma drift, derived and observed ISR vertical E×B drift, and
derived and observed JULIA vertical E×B drift are 0.534, 0.766, and 0.846, respectively, during 1000–1400 LT.
The general high correlation between derived and observed JULIA vertical E×B drift could be due to the fact
that the altitudinal difference between the EEJ (ΔH) and JULIA observations is relatively small (about 40 km)
compared to the range of ISR or C/NOFS observations. Additionally, afternoon downward drifts observed in
C/NOFS data have been reported (Stoneback et al., 2011), which were found to be absent in JULIA 150-km
echo drifts (Rodrigues et al., 2015). This is partly responsible for the lower R values reported in Table 2 during
13:00–17:00 LT as the downward drifts seen in C/NOFS vertical ion plasma drift could be absent in ΔH. Over-
all, during 1300–1500 LT and 1500–1700 LT, simultaneous occurrence of negative C/NOFS vertical ion plasma
drift and ΔH accounted for 5.99% and 5.56%, respectively. For the 1300–1500 LT range, negative values of
C/NOFS vertical ion plasma drift made up 31% in comparison with 11% for ΔH. These values slightly changed
to 36% and 10% for C/NOFS vertical ion plasma drift andΔH, respectively, during 1500–1700 LT. Figure 4b was
generated by limiting C/NOFS vertical E×B drift observations within±4∘ latitude and 77.2∘W±8∘ geographic
longitude around Jicamarca. Previous studies have used an extended latitude of about 8∘–10∘ away from
the geomagnetic equator (e.g.,Patra et al., 2014; Stoneback et al., 2011; Yizengaw et al., 2014) and obtained
high correlation values with 150-km echo radar measurements (e.g.,Patra et al., 2014). However, for the devel-
opment of the relationship involving EEJ-derived data that is applicable over an extended period covering
different solar activity levels, it is necessary to limit the latitude range to within the EEJ region in our analysis.
Using the developed relationship in equation (1) (that comprised data in Figure 2 from 2008 to 2014) to derive
vertical E×B drift during periods when the ISR and JULIA made measurements, the scatter plot between
derived and observed values is shown in Figure 4c. It is observed that there is a slight improvement in the cor-
relation for ISR and JULIA observations with R values of 0.791 and 0.841, respectively, when compared with
ΔH (Figure 4a). Previously, Anderson et al. (2004) developed the same order of polynomial function of ΔH
based on JULIA vertical E×B drift. Interestingly, a direct comparison (not shown) with Anderson et al. (2004)
expression gives R values of 0.76 and 0.83 for ISR and JULIA vertical E×B drift, respectively, during 2008–2014.
Considering expressions developed separately for low (2008–2010) and high (2011–2014) solar activity peri-
ods (using expressions in equations (2) and (3) due to the extended nature of the deep solar minimum, the
results are shown in Figure 4d for derived vertical drift denoted as E × Bs and observations from JULIA and ISR.
The accuracy is almost the same, and so the development of separate expressions seems not to significantly
change results. This agrees with the study of Rodrigues et al. (2015), which found that the extreme solar mini-
mum during 2008–2009 did not lead to noticeable changes/effects in daytime JULIA vertical E×B drifts. We,
however, think that if F10.7 or any solar activity indicator was used as an input, the results would perhaps be
different and so it is advantageous to use ΔH that seems to exhibit the inherent behavior of E×B changes.
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Figure 5. Distribution of differences (observed-derived = Δ(E × B)) between derived and observed (a) ISR, and (b)JULIA
vertical E×B drifts during for 2008–2014. ISR = incoherent scatter radar; JULIA = Jicamarca Unattended Long-Term
studies of the Ionosphere and Atmosphere.

From now onward, the discussion will only use derived vertical E×B drifts using equation (1) that contains
coefficients from the entire data set (2008–2014) used in our study.

Figure 5 shows the distribution of the differences (observed-derived) between the derived and observed ver-
tical E×B drift velocities for (a) ISR and (b) JULIA in 2008–2004. In both cases, the mean differences are close
to 0 m/s and the standard deviation values are basically the same. For both ISR and JULIA vertical E×B obser-
vations, at least 80% of differences lie within −5 m/s and 5 m/s when the developed relationship is validated
over the entire available respective data sets during 2008–2014. We have investigated the potential of the
developed expression in estimating local daytime vertical E×B response during geomagnetic storms. For
this purpose, we considered strong geomagnetic storms with Dst ≤ −100 nT during 2008–2016 when ISR
and JULIA observations were simultaneously available with ΔH measurements. Table 3 shows the summary
of correlation coefficient and RMSE values for different storm periods with Dst ≤ −100 nT during 2008–2016
when we had ΔH and vertical drift data over Jicamarca. There were only two storm periods when ISR vertical
drifts and ΔH were present. Important to point out is that Table 3 contains results of 2015 and 2016 which

Table 3
Summary of Correlation Coefficient and RMSE Values for Different Storm Periods With Dst ≤ −100 nT during
2008– 2016 When ΔH and Vertical Drift Data Were Simultaneously Available Over Jicamarca

Storm period Minimum Dst (nT) R RMSE (m/s) Data source

5–8 August 2011 −107 0.92 4.37 ISR

8–11 March 2012 −131 0.87 4.31 JULIA

8–10 October 2012 −105 0.77 7.06 JULIA (only 8 Oct had data)

13–15 November 2012 −108 0.96 3.88 JULIA (only 14 Oct had data)

25–27 August 2015 −100 0.78 5.08 ISR

7–8 October 2015 −124 0.80 5.99 JULIA

19–21 January 2016 −104 0.92 4.99 JULIA (19 and 20 Oct had data)

Note. RMSE = root-mean-square error.
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Figure 6. Changes in (a) SYM-H (nT) and IMF Bz (nT) for 5–8 August 2011 storm period, (b) ISR-observed (black dots)
and ISR-derived vertical E×B (m/s) with C/NOFS (red dots) and JULIA (blue dots denoted as (E × B)A2004 obtained using
expression developed by Anderson et al., 2004) based functions during the storm period of 5–8 August 2011. The
vertical dashed line represents the storm onset time at 1906 UT on 5 August 2011. Jicamarca LT = UT − 5.15. IMF =
interplanetary magnetic field; ISR = incoherent scatter radar; C/NOFS = Communications and Navigation Outage
Forecasting System; JULIA = Jicamarca Unattended Long-Term studies of the Ionosphere and Atmosphere.

were not covered during the process of developing the expression relating C/NOFS ion drifts and ΔH. Given
that correlation coefficient values are above 0.75 in all cases with RMSE values comparable to some previous
studies (e.g., Anderson et al., 2004) and even lower in some cases as is the case for the 13–15 November 2012
storm period (despite the limited data set available), we suggest that the developed relation can be utilized
for all geophysical conditions. We restate that Anderson et al. (2004) obtained a RMSE value of 3.79 m/s using
the same order of polynomial on ΔH and JULIA vertical drifts data during 2001–2003.

In detail, we present results for storm periods of 5–8 August 2011 and 8–10 March 2012 when ISR and JULIA
observations were available, respectively. In both cases, we have compared our expression’s performance
with the earlier developed expression by Anderson et al. (2004). Figure 6 shows the observed (black dots)
and derived E×B drift during the storm period of 5–8 August 2011. The derived vertical E×B drift veloci-
ties based on C/NOFS vertical E×B and ΔH expression are plotted as red dots. Corresponding values based
on JULIA vertical E×B and ΔH relationship (expressed as (E×B)A2004) from Anderson et al. (2004) are shown
in blue dots. In the subsequent graphical representation where diurnal vertical E×B drift comparisons are
performed, the colors of respective observed and derived vertical E×B drifts are similar to the description
above. Shown in Figure 6a are the symmetric disturbance field in the H component, SYM-H (nT), and Bz com-
ponent of the interplanetary magnetic field, IMF Bz (nT), in red and blue curves, respectively. The SYM-H index
is equivalent to high-resolution Dst index (Wanliss & Showalter, 2006) and provides information about storm
time ring current system. The occurrence of the 5 August 2011 geomagnetic storm was a result of complex
changes in solar wind conditions that involved the launching of three coronal mass ejections on 2–3 August
and became geoeffective on 4–5 August 2011 (Huang et al., 2014). On 6 August 2011 at 0322 UT, the SYM-H
reached its peak value (−132 nT) of the main phase, and thereafter, the recovery process started and lasted at
least 3 days. Figure 6 shows that at the commencement of the main phase onset (1906 UT or 1357 LT over Jica-
marca on 5 August 2011), there was a sharp increase in vertical E×B drift (Figure 6b on 5 August 2011), which
is a manifestation of penetrating electric field of magnetospheric origin (e.g.,Fejer & Scherliess, 1995, 1998;
Huang et al., 2005) during the southward turning of IMF Bz and this was well reproduced by the developed
mathematical expression (red dots). On 6 August 2011 during the recovery phase, the local daytime vertical
drift decreased probably due to the westward electric field generated by the disturbed ionospheric dynamo
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Figure 7. Variations in (a) SYM-H (nT) and IMF Bz (nT) for 8–11 March 2012 storm period, (b) JULIA observed (black dots)
and derived vertical E×B (m/s) with C/NOFS (red dots) and JULIA (blue dots denoted as (E × B)A2004 obtained using
expression developed by Anderson et al., 2004) based functions during the storm period of 8–11 March 2012. Vertical
dashed lines correspond to the shock and main phase onset times at 1103 UT and 0100 UT on 8 and 9 March,
respectively. IMF = interplanetary magnetic field; JULIA = Jicamarca Unattended Long-Term studies of the Ionosphere
and Atmosphere; C/NOFS = Communications and Navigation Outage Forecasting System.

(e.g., Blanc & Richmond, 1980; Huang, 2013) and the dominance of R2 current when IMF Bz turns north (e.g.,
Kikuchi et al., 2000; Yizengaw et al., 2011). The developed expression not only follows the decreased verti-
cal E×B velocities but also estimates well the magnitude of the vertical drifts. Overall, we obtained a high
R value (0.92) between observed and derived vertical E×B drift velocities during the storm period of 5–8
August 2011. The computed RMSE of 4.37 m/s is less than the corresponding result (RMSE = 6.77 m/s) gen-
erated for the same order of polynomial in Anderson et al. (2004), which estimated vertical E×B velocities
based on JULIA and ΔH measurements. The R value is similar (0.92) for both approaches during this storm
period. What is significant is that our approach uses C/NOFS vertical E×B drift and ΔH observations and may
be applicable even during geomagnetic storm conditions as shown in Figure 6b. Despite the differences in
accuracy, the earlier developed relationship (Anderson et al., 2004) also follows the vertical E×B drift vari-
ability during this storm period. Figure 7 shows a comparison of JULIA observed and derived vertical E×B
drift velocities for geomagnetically disturbed period of 8–10 March 2012. Figure 7a presents variations of
SYM-H (nT) and IMF Bz (nT) plotted in red and blue colors, respectively. The vertical black dashed lines cor-
respond to the times of the shock (1103 UT) and storm main phase onset (0100 UT) on 8 and 9 March 2011,
respectively. The solar wind conditions and interplanetary causes of this storm period are detailed in Tsu-
rutani et al. (2014). While the shock hit the Earth’s magnetosphere at 1103 UT on 8 March, the storm main
phase occurred on 9 March 2012 with SYM-H (nT) index reaching −148 nT at around 0800 UT. In Figure 7b,
the observed (black dots) and derived (red and blue dots) vertical E×B drift velocities are compared during
local daytime. Unfortunately, there were no JULIA vertical E×B drift observations as well asΔH to derive E×B
velocities on 8 March 2012. For the rest of the storm period, the variations in JULIA vertical E×B velocities are
captured by the corresponding derived E×B drift velocities (red dots) with some occasional overestimation
as is the case at around 1552 UT on 9 March during the sharp increase of the vertical E×B drift believed to
be due to penetrating electric fields (Habarulema et al., 2016). Nevertheless, the derived vertical E×B drifts
respond to the most important physical feature where penetrating electric fields of magnetospheric origin
enhances the daytime eastward electric field in equatorial latitudes. For our approach based on C/NOFS verti-
cal E×B andΔH, the computed R and RMSE values are 0.87 and 4.31 m/s, respectively, during the 9–11 March
2012. The approach in Anderson et al. (2004) gives R and RMSE values of 0.90 and 6.67 m/s, respectively, and
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Figure 8. Comparison of observed ISR/JULIA (black dots) and derived vertical E×B (m/s) with C/NOFS (red dots) and
JULIA (blue dots denoted as (E × B)A2004 obtained using expression developed by Anderson et al., 2004) based
functions on randomly selected days in 2014 where measured data exist. (a) and (b) represent comparisons with ISR and
JULIA measurements, respectively.

generally underestimates the observed vertical E×B drift velocities (see blue dots in Figure 7b). Generally,
based on results in Figures 6 and 7 and Table 3, it is feasible to conclude that the developed expression based
on C/NOFS vertical E×B drift and magnetometer ΔH observations is applicable in estimating vertical E×B
velocities during geomagnetic storm conditions. Mathematically, this is possible and understandable as most
of the daytime vertical drift changes are reflected in the EEJ (ΔH) measurements, which respond identically to
vertical E×B drift during magnetically disturbed conditions. Finally, we validate our expression during other
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Table 4
Correlation Coefficient (R) and Root-Mean-Square Error (RMSE) Values Computed Using Observed (ISR and JULIA) and Derived Vertical E×B (m/s) for Some Days in 2014

ISR with C/NOFS(ΔH) func JULIA(ΔH) func JULIA with C/NOFS(ΔH) func JULIA(ΔH) func

Date (2014) R RMSE (m/s) R RMSE (m/s) Date (2014) R RMSE (m/s) R RMSE (m/s)

23 April 0.83 2.77 0.83 4.38 27 June 0.95 2.81 0.95 5.30

6 May 0.88 5.06 0.86 5.81 28 July 0.95 3.84 0.95 3.70

26 Nov 0.89 7.20 0.89 2.42 28 Aug 0.83 9.01 0.88 3.61

16 Dec 0.79 6.37 0.78 3.28 8 Dec 0.97 4.88 0.97 4.05

Note. Observed ISR and JULIA vertical E×B (m/s) are compared with corresponding vertical E×B (m/s) obtained using our expression based on C/NOFS vertical
E×B (denoted as C/NOFS(ΔH) func) and Anderson et al. (2004) relationship (denoted as JULIA(ΔH) func), respectively. ISR = incoherent scatter radar; JULIA =
Jicamarca Unattended Long-Term studies of the Ionosphere and Atmosphere; C/NOFS = Communications and Navigation Outage Forecasting System.

periods not covered by the data that were used to develop it. We recall that equation (1) was developed using
C/NOFS vertical ion plasma drift (equivalent to E×B) velocities and ΔH during the period of September 2008
to March 2014. Figure 8 shows observed and derived vertical E×B velocities on randomly chosen days within
the period of May–December 2014 when ISR and JULIA made observations. Our approach is once again com-
pared with derived vertical E×B drift velocities generated using expression in Anderson et al. (2004), which
was developed based on JULIA and ΔH observations. Figure 8a graphically compares observed ISR (black
dots) and derived (red and blue dots for our relationship and Anderson et al. (2004) expression, respectively)
vertical E×B velocities for 23 April 2014, 6 May 2014, 26 November 2014, and 16 December 2014 during local
daytime (0700–1700 UT). Figure 8b is similar to Figure 8a, but for JULIA and derived vertical E×B velocities
on days 27 June 2014, 28 July 2014, 28 August 2014, and 8 October 2014. The statistical summary for the com-
parisons is presented in Table 4. In all cases, the R values computed from observed and our derived vertical
E×B drift velocities are highly similar/comparable to the corresponding results when Anderson et al. (2004)
expression is used. In terms of RMSE, with exception of 27 June 2014, the Anderson et al. (2004) expression
gives lower values for observed JULIA vertical E×B drift comparisons. This is an expected result as Anderson
et al. (2004) developed their expression based on JULIA vertical E×B drift and ΔH observations.

Figure 8 and Table 4 essentially demonstrate that it is possible to follow diurnal changes in vertical E×B
drift velocities based on the polynomial function developed using C/NOFS vertical ion plasma drift and ΔH
observations. This opens up new opportunities to develop low-latitude vertical E×B drift models using a
combination of satellite and magnetometer measurements especially during local daytime that is accurate
in all longitude sectors. In fact such models can be valid for all local times since satellites would also pro-
vide observations during nighttime (although sparse). Magnetometer measurements that are continuous and
have high temporal resolution would then provide reliable daytime vertical E×B drift database. Pairs of mag-
netometers that satisfy the requirements to allow the development of expressions (similar to what has been
done in this study) in different longitude sectors exist (e.g., Yizengaw et al., 2011, 2014) in African, American,
Indian, and Asian sectors. Therefore, based on the presented results and approach, it is possible to develop
new empirical vertical E×B drift models and update the existing ones such as the Scherliess-Fejer (SF) model
(Scherliess & Fejer, 1999) and the ROCSAT-1 based quiet equatorial model (Fejer et al., 2008) to account for the
recent unusual changes in solar activity such as the extended solar minimum of 2008–2010.

5. Conclusions

For the first time, a mathematical relationship between C/NOFS vertical ion plasma drift (equivalent to E×B
drift at about 400 km) and magnetometer ΔH observations has been developed and validated with ISR and
JULIA observations during local daytime (0700–1700 UT) covering a period of 2008–2014. While we restricted
our analysis to Jicamarca (11.8∘S, 77.2∘W; 0.8∘N geomagnetic) due to the availability of the actual obser-
vations to validate our approach, the order of the developed function is transferable to different longitude
sectors, which have magnetometer locations that can estimate the EEJ. We stress that while the order of the
polynomial can be kept, new coefficients should be derived for a different longitude sector to account for
local contributions to vertical E×B velocities such as E region tides (both migrating and nonmigrating) influ-
ence on the electric field (Lühr et al., 2008; Maute et al., 2012; Millward et al., 2001). Overall, the developed
expression can reconstruct at least 75% of the observed vertical E×B drift velocities from the ISR and JULIA
observations. Of significant importance is the robustness of the polynomial function to also estimate vertical
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E×B drift velocities during geomagnetic storms. Given the recent developments in magnetometer deploy-
ments to estimate the EEJ in different longitude sectors (Yizengaw et al., 2014), we suggest that the developed
approach is a suitable basis for developing high-resolution empirical vertical E×B models even in longitudes
without radar observations.
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