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Abstract We carry out a simulation study on the impact of altitudinal dependent plasma drift on the
equatorial ionosphere in the evening, under geomagnetically quiet conditions. Our study used the vertical
plasma drift velocity data measured by an incoherent scatter radar at Jicamarca (11.95◦S, 76.87◦W). The data
covered the local sunset period on 15 and 16 November 2004. The plasma drift had significant altitudinal
variations in the vertical component, which is perpendicular to the magnetic field. We employed SAMI2
(SAMI2 is another model of the ionosphere) to evaluate the effect of the altitude-dependent ion drift on
the equatorial ionosphere. Three types of plasma drift velocity inputs were used in our simulations. The
first input is calculated from an empirical model, the second is a height-averaged drift obtained from the
observed drift velocity, and the third one corresponds to the observed altitudinal dependent drift data. A
strong equatorial ionization anomaly occurred in the results of all numerical experiments. Additional layers
(F3 layers) in electron densities over the equatorial F region and “arch” latitudinal structures extending to
lower middle latitudes were seen in the simulations driven by the observed altitudinal dependent drift. We
further show that neutral winds do not have a significant effect on the simulated F3 layers. The results of
our numerical experiments suggest that the simulated additional ionospheric layers and arch structures are
associated with the altitudinal gradients in the vertical plasma drift velocity.

1. Introduction

In the Earth’s upper atmosphere, the vertical plasma drifts associated with the E and F region dynamo are
important for the equatorial ionosphere [Fejer et al., 1979; Fejer, 1997]. They have been related with the
formation and variability of the equatorial ionization anomaly (EIA), where the structures of crest and trough
strongly depend on the drift velocity during both magnetically quiet and disturbed conditions [Hanson and
Moffett, 1966; Bittencourt and Abdu, 1981; Basu et al., 2004; Lin et al., 2005; Mannucci et al., 2005; Abdu et al.,
2008; Lei et al., 2008; Lu et al., 2013]. The drift velocity is greatly enhanced near the sunset. This enhancement
is also known as the prereversal enhancement, which further affects the occurrence of equatorial spread F
as well as the overall structure of the nighttime ionosphere [Fejer et al., 1999; Kelley, 2009]. Furthermore, the
equatorial plasma fountain effect that is associated with the vertical drift has also been proposed to be a
possible mechanism of the daytime F3 layer [Balan and Bailey, 1995; Balan et al., 1998].

The vertical plasma drift velocity undergoes significant changes with local time, longitude, season, and solar
cycle [Chandra et al., 1960; Batista et al., 1986; Fejer et al., 1991; Sastri, 1996]. Over the years, the plasma drift
velocity has been measured from both ground and space [Haerendel et al., 1967; Maruyama, 1988; Fejer et al.,
2008]; however, there is little knowledge of its altitudinal variation. When analyzing the measured profiles
of the drift velocity, the velocity has been assumed to be invariant with altitude [Woodman, 1970; McClure
and Peterson, 1972]. This assumption, however, does not seem to hold in the equatorial region during the
solar minimum condition: gradient in the vertical drift velocity has been reported during the sunset period,
although the data used in these studies covered only a limited height range for the ionospheric F region
[Pingree and Fejer, 1987; Sastri et al., 1995].

Recently, an altitudinal dependent vertical drift measured by an incoherent scatter radar over Jicamarca
(11.95◦S, 76.87◦W) has been analyzed, which also covered the sunset period during geomagnetically quiet
conditions, and with a larger height coverage for up to 2000 km [Fejer et al., 2014]. The observed drift
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demonstrates the existence of evident positive and negative vertical gradients, indicating that plasma
drifts are not vertically uniform, as being assumed previously, but change with altitude. Inspired by these
observed altitude-varying drift velocity profiles, our motivation of this study is to investigate their impact
on the structure of the ionospheric electron density and to further our understanding on the effect of the
altitudinal dependent drift velocity on the evening ionosphere.

In this article, we will carry out numerical experiments using SAMI2 (SAMI2 is another model of the
ionosphere) with different vertical plasma drift profiles. We will discuss the simulation results and show
new features in electron density distributions associated with the altitude-dependent drift velocity. The
altitude-varying vertical drifts were recently introduced by Klimenko et al. [2012] to explain the formation
of F region F3 layers which are the additional layered high-density regions above the F2 peak. The F3 layers
were first discovered in Singapore half a century ago [Sen, 1949]. The formation mechanism of F3 layers is a
complex and intriguing topic, with potential factors including E × B drift and meridional neutral winds. The
F3 layers signify during the morning to noon period as daytime F3 layers, and they have also been observed
in the evening [Zhao et al., 2011]. The occurrence rate of daytime F3 layers diminishes with increasing solar
activity [Balan et al., 1998]. This is an opposite trend to the F3 layers in the evening, which has an increasing
occurrence rate with increasing solar activity [Zhao et al., 2011]. Thus, the daytime and evening F3 layers
have different solar activity patterns and may have different driving mechanisms. This difference makes
the formation mechanisms of F3 layers an even more complicated topic. Among the potential mechanisms,
altitudinal gradient in vertical drift can influence the F3 layers, as first tried by Klimenko et al. [2012]. In this
study, we used observed vertical drift data to drive the ionospheric model and to demonstrate that vertical
gradient in plasma drift can change the vertical profile of electron density and introduce structures similar
to previously reported evening F3 layers. We thus suggest that vertical gradient in drift velocity can be an
important process contributing to the formation of evening F3 layers.

2. Method

SAMI2 [Huba et al., 2000] is the main tool used in our investigation. It solves plasma continuity, momentum,
and energy equations to provide plasma densities and temperatures. Its calculation contains parallel and
vertical transports, which are along and perpendicular to the magnetic field lines, respectively. The former
takes into account the effect of neutral winds and plasma diffusion, and the latter includes the effect of E × B
transport. Note that in this two-dimensional SAMI2 model, zonal drift is not an input of the model. Neutral
winds and neutral compositions are provided by horizontal wind model (HWM) [Hedin et al., 1996] and
NRLMSIS00 [Picone et al., 2002], respectively.

We control the drift velocity input of SAMI2 to study the effect of altitude-dependent drift on the iono-
sphere. Vertical drift observations with a significant altitudinal dependence over Jicamarca on 15 and 16
November 2004 [Fejer et al., 2014] were used in our study. The solar activity proxy F10.7 was 105.7 solar flux
unit (sfu) and 108.6 sfu (1 sfu = 10−22 W m−2 Hz−1) on 15 and 16 November, respectively. Moreover, geomag-
netic activity was quiet since the daily magnetic activity index (Ap) was lower than 10 nT on those 2 days.
The drift data have the height resolution of 50 km and the time resolution of 5 min [Fejer et al., 2014]. We
applied different degrees of average scheme to the drift data, from no average to an 11 point average. We
obtained similar results in all the runs, while the average scheme with more points gives smoother results.
Here we present the simulations with the seven-point average scheme to be consistent with the data treat-
ment with Fejer et al. [2014]. The drift velocity on 15 November 2004 with 30 min running average is shown
in Figure 1a. It is clear that the altitudinal dependency of drift was significant between 19 LT and 21 LT. Due
to the interference of equatorial spread F [Fejer et al., 2014], we replaced the drift data below 540 km from
19 LT by the value measured at 540 km. Besides, a height-averaged drift was calculated from the altitude
of 540 km to 700 km. In Figure 1b, the height-averaged drift from the observed data peaked around 19 LT.
Obviously, the timing of this prereversal enhancement in the observed vertical drift was consistent with that
in the Fejer model [Scherliess and Fejer, 1999], but its magnitude was larger than the model-predicted drift.
The drift velocity on 16 November 2004 is displayed in Figures 1c and 1d. The vertical drift also underwent
sudden increase around 19 LT, and it remained upward till around 21 LT. As shown in Figure 1c, the observed
drift had significant altitudinal dependence from 17 LT to 19 LT. The uncertainty of the observed drift above
1000 km may be large. Here a seven-point average scheme has been applied to smooth the data in both
time and height. For future studies, data with better quality and higher resolution in the region higher than
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Figure 1. Drift velocities on 15 and 16 November 2004 used in our simulations. (a) The observed altitudinal drift data
over Jicamarca during 15 November and (b) height-averaged drift (solid line) from 540 km to 700 km during this period,
as well as the altitude-independent Fejer drift (dashed line) during 15 November. (c) The observed drift data during 16
November; (d) the height-averaged and Fejer drifts during 16 November.

1000 km are desired and can give a more accurate result. More details about the vertical drift data used in
this study can be found in Fejer et al. [2014].

We focus on three numerical simulations in the meridional plane of Jicamarca on 15 and 16 November 2004.
First, the empirical drifts [Scherliess and Fejer, 1999] were used in the SAMI2 simulation to set up a relative
reference. Second, we applied the height-averaged drifts from the observed plasma drift data. Third, the
observed altitude-dependent drift data were employed.

In all simulations, the vertical drifts over the equator veq
⊥

were mapped to higher latitudes along the mag-
netic field line by assuming equipotential field lines [Murphy and Heelis, 1986], and the related equation is
given by

v⊥ = veq
⊥

sin3 𝜃
√

1 + 3 cos2 𝜃

, (1)

where v⊥ is the mapped vertical drift, veq
⊥

is the corresponding drift at the equator, and 𝜃 is the magnetic
colatitude measured from the North Pole.

In addition, the divergence ∇ ⋅ vem associated with plasma drifts is an important term which appears in the
continuity and energy equations of plasma. In SAMI2, this term is given as follows:

∇ ⋅ vem =
6veq

⊥
sin2 𝜃

(
1 + cos2 𝜃

)

r (1 + 3 cos2 𝜃)2
, (2)

where vem is the E × B drift vector and r is the equatorial radial distance.

Specifically, veq
⊥

in equations (1) and (2) denotes the vertical drift over Jicamarca in this study. For the first
two simulations, veq

⊥
did not change with altitude. For the simulation with the altitudinal dependent vertical

drift, the observed drift data were assigned in the form of a height-dependent array veq
⊥
(h) in the subroutine

QIAN ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2920



Journal of Geophysical Research: Space Physics 10.1002/2014JA020626

Figure 2. Variations of electron densities as a function of latitude and altitude from 19 LT to 22 LT on 15 November
2004, from three SAMI2 simulations driven by (a) the altitude-independent Fejer empirical drift, (b) the height-averaged
drift calculated from the observation, and (c) the observed altitudinal dependent drift. The magnetic equator locates at
around 11◦S at the longitude of Jicamarca.

of vertical drifts (vdrift), and the plasma drift and related variables are then passed to other subroutines that
directly use these data. Note that except for the vdrift, we did not modify any other source code of SAMI2.
Through the comparisons of these simulations, we can explore the impact of altitudinal dependent drift
velocity on the equatorial ionospheric electron density.

3. Result and Discussion

Figure 2 shows the variations of electron densities in three SAMI2 simulations, during the period from 19
LT to 22 LT on 15 November 2004. In the Fejer drift run (Figure 2a), we can see the EIA feature during 19–22
LT, which are the two high-density regions about 15◦ from the magnetic equator. These are the EIA crests.
From 21 to 22 LT, the trough between the crests became more depleted. An north-south asymmetry in EIA is
seen from 19 to 22 LT. This asymmetry is consistent with the observation that EIA in the Northern(summer)
Hemisphere tends to shift equatorward [Lin et al., 2007], which is understood as a combined effect of many
factors including the neutral wind.

The overall EIA pattern from 19 to 22 LT was more distinct in the averaged-drift run (Figure 2b), where the
averaged-drift speed was relatively higher than that of the Fejer drift during 19 LT and 20 LT. As shown in
Figure 2b, the crests occurred at a relatively higher altitude at 20 LT than those in the Fejer drift case.

In Figure 2c, the run with the height-dependent drift produced more spatial structures in electron densities
as compared to the run with the height-averaged drift. The F layer was further elevated to a higher altitude,
especially over the magnetic equator, as compared with the corresponding results in Figures 2a and 2b. At
20 LT of 15 November, an interesting feature in the run with the altitude-dependent drift was the additional
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Figure 3. A comparison of electron density profiles from three SAMI2 simulations at Jicamarca during the evening period
on 15 November.

layers in the ionospheric F region. That was not seen in the averaged-drift or empirical drift runs (Figures 2a

and 2b). The additional layers were located at around 700 km and spread over even higher altitudes over the

magnetic equator. We can see that the additional layer around 700 km over the magnetic equator (around

11◦S) had a smaller peak density than the normal F2 layer, but it had a higher density than the regular layer

over the off-equator region.

It is also noteworthy that in Figure 2c, there were multiple arch structures in the altitudinal-latitudinal frame.

This arch feature was also only seen in the altitudinal dependent drift run, which should be the result of

vertical gradient in the drift velocity.

The evolutions of the extra layers and arch structures are consistent with the vertical drifts in Figure 1a.

On 15 November, the drift had strong vertical gradients from around 19 to 22 LT. This suggests that in this

simulation, the additional layers were resulted from the gradients of the vertical drift, which caused plasma

divergence and convergence in the vertical direction.

To further demonstrate the additional layers on 15 November 2004, in Figure 3, we show a comparison

of electron density profiles from these three runs over Jicamarca during the evening period. The vertical

structure of the electron density from the averaged-drift run was consistent with that from the Fejer drift

run, but the peak height of the F layer occurred at a higher altitude around 500 km in the averaged-drift

run. During 20–22 LT, for the run with the observed altitudinal dependent drift, its density profile had two

major peaks at around 500 km and 700 km, respectively. The top layer around 700 km corresponded to the

additional layer seen around 700 km in Figure 2c. We note that at the altitudes higher than 1000 km,

despite of the relatively large error bars of the drift inputs, additional layers in the upper region persist

even though errors of drift are considered in the simulations (not shown). The occurrence of these layers or

arch structures is related to the divergence and convergence in vertical drifts over the same altitude region

(Figure 1a). In future studies it is possible to combine space-based observations with incoherent scatter

radar measurements to validate the occurrence of additional layers and their driving mechanisms.

QIAN ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2922
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Figure 4. (a–c) Same as Figure 2 but for the simulations from 17 LT to 22 LT on 16 November 2004. The magnetic equator
locates at around 11◦S at the longitude of Jicamarca.

We conducted a further study of the impact of observed altitude-dependent plasma drift velocity on the
equatorial ionosphere on 16 November 2004. It was also a geomagnetically quiet day, but the temporal
variation of the averaged-drift velocity was more complicated as compared with the Fejer drift velocity
(Figure 1d). Near 18 LT, the averaged-drift value fluctuated around zero, making it weaker than the Fejer drift
data. We can see the effect of this feature in Figure 4b, when the crests were slightly weaker than those in
Figure 4a for the Fejer drift case during 18 LT and 19 LT. In the period from near 17 LT to 19 LT, the observed
vertical drift was upward below 500 km and became downward above 700 km (Figure 1c). Additional
layers were also simulated in this period in Figure 4c. Arch structures in the electron density occurred in the
same period in the altitudinal-latitudinal frame. Again, the additional layer was stronger around the crests
than over the magnetic equator. This may be due to the relatively large electron density in the crest region
with respect to the trough region. With the higher background density in the crest region, more electrons
are converged when a drift gradient presents. Around 21 LT, the large upward drifts lifted up the ionosphere
as well as the crest structures. At 21 and 22 LT, the F2 peak occurred at about 500–600 km with a clear
signature of addition layers below 1000 km. However, the multilayer structures become more evident at
higher altitudes.

These simulated structures in Figures 2–4 are consistent with previous findings of evening F3 layers [Zhao
et al., 2011; Klimenko et al., 2012]. Such consistencies are present in both the structural patterns and the
timing of occurrence. The patterns in Figures 2–4 contain similar electron density fluctuations with an earlier
simulation study on F3 layers [Klimenko et al., 2012]. We note that in the study of Klimenko et al. [2012], the
observed drift data were not applied. Instead, their plasma drifts at different apex altitudes were based on
the electric fields mapped from various latitudes at 175 km, which were solved from ionospheric dynamo
in the region between 80 and 175 km. Besides, the occurrence timing of our simulated additional layers
(Figure 2c), which was during the evening, also fits with the general characteristics of the observed F3 layers
during the evening period [Zhao et al., 2011].

Finally, it should be noted that the above simulated results included the effect of neutral winds. To explore
the neutral wind effect on the F3 layer formation in SAMI2, we conducted simulations in which the observed
drifts were used but neutral winds were turned off (see Figure 5). Under this condition, the major feature
of the additional ionospheric layers was not changed, albeit electron densities at higher latitudes for both
cases (15 and 16 November) were more symmetric as compared with the simulation with neutral winds.
Based on our simulations, the association between altitudinal varying drift velocity and additional density
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Figure 5. Electron densities from the simulations driven by the observed altitudinal dependent drift during 19–22 LT on
(a, b) 15 November and (c, d) 16 November. The simulations with neutral wind effect are shown in Figures 5a and 5c, and
the results simulated without neutral winds are depicted in Figures 5b and 5d.

layers (F3 layers) is evident. Therefore, the neutral wind effect simulated by SAMI2 does not have a large
impact on the F3 layer generated by the altitudinal dependent drifts in the evening ionosphere. A detailed
analysis on the role of neutral winds is required as related wind observations become available.

4. Summary

We conducted a series of numerical simulations using SAMI2 to study the impact of the altitude-dependent
vertical plasma drift velocity on the vertical structure of the postsunset equatorial ionosphere. The vertical
drifts used in our simulations included the observed altitudinal dependent drift velocity, height-averaged
drift from the observed data, and the altitudinal independent velocity from the Fejer empirical model. All
simulations give the features of EIA. The altitudinal dependent drift run, however, showed extra features
including the additional layers and “arch” shape in electron densities over the equatorial region, which were
not seen in the simulations driven by the altitudinal independent drifts. The additional ionospheric layers
(F3 layers), which appeared in the evening and early night, were associated with the plasma divergence and
convergence in the vertical direction due to the altitude gradients of the vertical drift velocity. Moreover, in
the simulations neutral winds only have a minor contribution to the generation of the F3 layer in the evening
ionosphere for the two cases in this study.
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