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Abstract Recent studies based on the satellite observations demonstrated that the equatorial vertical
plasma drift can also enhance near sunrise in a way similar to the prereversal enhancement. However, it is
not clear whether the signature of this sunrise enhancement appears in observations with other sounding
techniques. In this work, we explore the Jicamarca (12°S, 283.2°E) incoherent scatter radar measurements to
present the evidence of sunrise enhancement in vertical plasma drift on 12 May and 10 June 2004, which are
under magnetically quiet and solar minimum conditions. The effects of the sunrise enhancement on the
ionosphere are, for the first time, investigated by analyzing the ionograms recorded by the Digisonde
Portable Sounder at Jicamarca and conducting the Theoretical Ionospheric Model of the Earth in Institute of
Geology and Geophysics, Chinese Academy of Sciences. The observations showed that, during the sunrise
enhancement, the F2 layer peak height is lifted remarkably, and the F2 layer peak density and bottomside
electron density tend to decrease compared to the days without sunrise enhancements. The simulations
indicated that the sunrise enhancement drift can lift the equatorial ionosphere to higher heights and distort
the equatorial electron density profiles. What is more, the simulations display an F3 layer in the equatorial F
region during the sunrise enhancement, and a new F2 layer develops at lower altitudes under the jointed
control of the usual photochemical and dynamical processes.

1. Introduction

The equatorial F region vertical plasma drift can play important roles in the variations of equatorial iono-
spheric plasma density and composition and further affect the generation and evolution of plasma structures
such as the equatorial ionization anomaly [e.g., Bittencourt and Abdu, 1981; Basu et al., 2004, 2009; Mannucci
et al., 2005; Abdu et al., 2008], equatorial irregularities [Fejer et al., 1999], and F3 layers [e.g., Sen, 1949; Balan
and Bailey, 1995; Balan et al., 1997, 1998, 2000; Zhao et al., 2011a, 2011b; Klimenko et al., 2012].

Extensive research with incoherent scatter radar (ISR), satellites, ionosondes, and models to investigate the
equatorial F region vertical plasma drift has revealed that the vertical drift is generally upward in the daytime
and downward in the nighttime during magnetically quiet times [e.g., Fejer et al., 1991; Fesen et al., 2000; Kil
et al., 2009; Adebesin et al., 2013]. Also, it is characterized by enhancement near the sunset before its down-
ward reversal, which is also known as the prereversal enhancement, PRE.

Recent studies based on the satellite observations presented something new near sunrise in the equatorial F
region vertical plasma drift. The new feature is that the vertical plasma drift can also enhance near sunrise in
a way similar to the PRE. For example, Aggson et al. [1995] and Kelley et al. [2014] reported some cases of sunrise
enhancement in the variability of equatorial F region vertical plasma drift from the San Marco Satellite and the
Communication/Navigation Outage Forecasting System satellite, respectively. Subsequently, Zhang et al. [2015]
statistically investigated the occurrence of the sunrise enhancement using themeasurements of the Republic of
China Satellite-1. They reported that the sunrise enhancement occurrence has the seasonal and longitudinal
variations that were most frequent during June solstice and in regions with the positive declination.

Up to now, the sunrise enhancement drift phenomenon is not well understood. The sunrise enhancements in
vertical drifts reported in the above works are all from the satellite observations. We still do not survey
whether the sunrise enhancement phenomenon can be detected from the observations with other techni-
ques, such as the ISR and ionosondes. Interestingly, the signature of the sunrise enhancement is obvious
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on some days in the daily curves of the vertical plasma drift over Jicamarca (12°S, 283.2°E) inWoodman [1970].
It is better to provide evidence from further observations. Furthermore, what is the response of the iono-
sphere during the sunrise enhancement phenomenon? Unfortunately, no answer is found in previous
reports.

In the current study, we explore the vertical drifts measured by the Jicamarca ISR to present the sunrise
enhancement phenomenon on 12 May and 10 June 2004. The ionograms recorded by the Digisonde
Portable Sounder (DPS) at Jicamarca are used to analyze the effects of the equatorial ionosphere during the
cases of the sunrise enhancements registered by the Jicamarca ISR. The effects are further validated with the
simulations by using the Theoretical Ionospheric Model of the Earth in Institute of Geology and Geophysics,
Chinese Academy of Sciences [Yue et al., 2008]. The results have key contributions to improve our understand-
ing of equatorial ionospheric dynamics and structures near sunrise.

2. Data and Simulations

The F region vertical drifts were retrieved from the Jicamarca ISR. Many publications have excellently
described the ISR sounding technique of the plasma drifts [e.g., Fejer et al., 1991; Kudeki et al., 1999].
Generally, the Jicamarca ISR observes plasma drifts at a resolution of 5min in time and 15 km in height from
about 200 to 600 km during low solar activity conditions. The vertical drift measurement errors are about
1–2m/s during the day and become larger at high heights and late nights [Fejer et al., 1991].

Currently, we used the vertical drift measurements at an altitude range from 200 to 450 km on 11 May, 12
May, and 10 June 2004. The measurement errors of the vertical drifts are smaller than 2m/s. The observations
are under low solar activity and geomagnetic quiet times. The values of solar index F10.7 are 92 sfu
(1 sfu = 10�22Wm�2 Hz�1) on 11 May, 100.9 sfu on 12 May, and 85 sfu on 10 June, and the daily geomagnetic
Ap index reaches 12 nT on 11 May, 12 nT on 12 May, and 10 nT on 10 June, respectively. The interplanetary
magnetic field (IMF) Bz component is not significantly deviated from zero on the three days, illustrating that
the ionospheric vertical drifts are not severely affected by the processes of solar wind origin.

We also manually scaled the DPS ionograms recorded at Jicamarca and retrieved parameters of foF2 (the
critical frequency of the F2 layer) and hmF2 (the peak height of the F2 layer). Since foF2 is directly related to
NmF2 (the peak density of the F2 layer), we use both without distinction in the following sectors. The SAO-
Explorer true height inversion algorithm can derive the bottomside electron density profiles and reasonably
extrapolate to altitudes above hmF2 to provide a whole profile using the method of Huang and Reinisch
[2001]. These ionogram-derived electron density profiles are also used in the current study.

The model used in the present study is the Theoretical Ionospheric Model of the Earth in Institute of Geology
and Geophysics, Chinese Academy of Sciences (TIME-IGGCAS). The TIME-IGGCAS model provides the plasma
concentrations by solving the coupled equations of the momentum, energy, and mass continuity [Yue et al.,
2008]. The TIME-IGGCAS model required neutral compositions, and neutral winds are provided by the
NRLMSIS-00 model (Mass Spectrometer and Incoherent Scatter) [Picone et al., 2002] and the Horizontal
Wind Model-93 [Hedin et al., 1996]. The effect of the photoelectron heat adopts the method of Millward
[1993]. The photoelectron heat comes from local sources at altitudes below 300 km. At altitudes above
300 km, the photoelectron heat is produced by both local sources and conjugated hemisphere sources.

3. Results

Figure 1 shows the combined observations from the ISR and DPS over Jicamarca on 10 June 2004. Figure 1
(top) presents the F region vertical plasma drifts over Jicamarca. The green points denote the vertical drifts
observed with the ISR at altitudes from 200 to 450 km, and the red lines with dots represent the correspond-
ing 15min height-averaged vertical drifts. There is a data gap due to measurement interruption.

The blue line in Figure 1 (top) gives the vertical drifts on 10 June 2004 predicted from the empirical vertical
drift model (S-F model) [Scherliess and Fejer, 1999]. The S-F model was built based on the drift observations
from the Jicamarca ISR and the Atmospheric Explorer E satellite. Thus, the drifts predicted here by the S-F
model can be considered to represent a climatologic characteristic at Jicamarca. We use the S-F model drift
as a reference without sunrise enhancement under low solar activity and geomagnetic quiet times.
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The ISR observations display an outstand-
ing sunrise enhancement phenomenon
in the vertical drifts on 10 June 2004.
The enhancement has a peak magnitude
as large as about 50m/s. The vertical
plasma drifts sharply decrease to normal
levels at later hours after the sunrise peak.
Moreover, as indicated from the extent of
the scatter of points, there are somewhat
altitude gradients in the vertical drifts
during the sunrise enhancement.

Figure 1 (middle and bottom) plots the
foF2 and hmF2 recorded by the DPS over
Jicamarca. The red lines with dots exhibit
the observed values on 10 June 2004,
and the blue lines represent 27days
average values. The gap results from a
poor ionogram at 06:00 LT on 10 June.
The blue lines display that the average
foF2 has a decrease tendency and the
average hmF2 increases at the interval
from 00:00 to 05:45 LT. As illustrated with
the shaded area, hmF2 distinctly deviates
from the 27days average pattern, with a
much stronger peak around 06 LT, and
the foF2 has a weak decrease compared
to the 27days average values. The huge
deviation of hmF2 from the average
values indicates the strong influence of
the sunrise enhancement in vertical drifts
observed by the ISR.

Figure 2 gives another case for the
evidence and effects of the sunrise
enhancement in the vertical drift on 12
May 2004 (red lines with dots). Figure 2
(top to bottom) displays the F region ver-
tical plasma drifts, foF2, and hmF2 over
Jicamarca, respectively. The data on 11
May 2004 (blue lines) are plotted as a
reference without sunrise enhance-
ments. The green points in Figure 2
(top) present the observed drifts at alti-
tudes from 200 to 450 km on 12 May
2004. There are abundant drift data gaps
due to measurement interruptions.

As illustrated in Figure 2 (top), there is a
drastically sunrise enhancement in the
vertical drifts on 12 May 2004. The verti-
cal drift is dramatically increased in mag-
nitude and peaks at 05:45 LT with the
magnitude of about 40m/s. However,
the 11 May 2004 observations display a
very weak enhancement phenomenon

Figure 2. Same as Figure 1 but for another case on 12 May 2004. The data
on 11 May 2004 are plotted with blue curves as a reference.

Figure 1. (top) The F region vertical plasma drifts at Jicamarca (12°S,
283.2°E) on 10 June 2004. The green points denote the vertical drifts
observed with the incoherent scatter radar at heights from 200 km to
450 km, and the red line with dots represents the moving 15min
height-averaged values. The S-F model-predicted drifts are plotted with
blue line as a reference. The daily values of F10.7 and Ap indices are also
marked. (middle and bottom) The red lines with dots exhibit the
ionosonde foF2 and hmF2 at Jicamarca on 10 June 2004. The corresponding
27 days average patterns are displayed with blue lines as a reference. The
gray areas between 04:00 and 08:00 LT show the periods with a sunrise
enhancement in vertical drifts.
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in the vertical drifts, which can be considered as a daywithout sunrise enhancement. Thus, we use the values on
11May as a reference of comparison. Figure 2 (middle and bottom) indicated that, when the enhancement pre-
sents in vertical drift near sunrise, there is an evident uplift in hmF2 and decrease in foF2 compared to that on 11
May 2004.

To verify and further investigate the effects of the sunrise enhancement in the vertical drift on the iono-
sphere, we conducted a comparison of model simulations with two sets of the vertical drifts. The first run
of the simulations uses the drifts calculated from the S-F model [Scherliess and Fejer, 1999] under the condi-
tion of 10 June 2004, and the second one uses the height-averaged drifts on 10 June 2004. In the two sets of
simulations, wemade no adjustment to the remaining input parameters of themodel. It should be noted that
there are some slight differences between the two cases of drifts before 04:00 LT on 10 June. These slight dif-
ferences in the vertical drifts used for simulations, to some extent, will cause somewhat discrepancies in the
model results near sunrise. Thereby, to remove such possible discrepancies, we use the S-F model drifts to
replace the observed drifts at time before 04:00 LT in the second model run; namely, two cases of vertical
drifts input in the simulations are taken the same ones before 04:00 LT.

Figure 3 shows some selected electron density profiles at Jicamarca on 10 June 2004 calculated with the
TIME-IGGCAS model at the two cases, i.e., with the S-F model drifts (blue lines) and the observed drifts (red
lines). The local times are labeled in the panels.

As can be seen from Figure 3, the sunrise enhancement drifts can drive distinct changes in the equatorial
electron density profiles. Compared to the blue profiles (the conditions without sunrise enhancements),
the peak heights of the red profiles are gradually moving toward higher altitudes, while the peak density
tends to decrease. At altitudes above the peak height of the red profiles, the electron density is higher
than those of the blue ones, while in the bottomside of the blue ones, the second run case has
lower density.

Figure 3. The electron density profiles calculated by the TIME-IGGCAS model with vertical drifts observed with the
Jicamarca incoherent scatter radar on 10 June 2004 (red lines, sunrise enhancement case) and from the S-F model drifts
(blue lines, no sunrise enhancement case).
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Another fascinating feature in Figure 3 is the appearance of F3 layer in simulations of the second run (the
observed drifts case). At 06:15 LT, the F2 layer is lifted to about 480 km. A new F2 layer is formed at lower alti-
tudes under the jointed control of the usual photochemical and dynamical processes. As a result, there are
two peaks in the F region profiles; in other words, the upper peak is similar to the previously reported F3 layers
[Balan and Bailey, 1995]. As the time goes, the peak density of the new F2 layer continuously increases and
that of the F3 layer rapidly decreases. Near about 06:30 LT, the F2 layer peak density exceeds that of the F3
layer, and the peak density of the F3 layer is very small. After 06:45 LT, the F3 layer disappears and the profiles
recover to behave in the single F peak shape.

Figure 4 shows the electron density as a function of latitude and height from 04:30 LT to 06:30 LT on 10 June
2004, from the two runs of TIME-IGGCAS simulations with vertical drifts of (a) the S-F model and (b) Jicamarca
ISR observations. Figure 4c displays the electron density differences at six snapshots illustrated in Figures 4b
and 4a. Positive (negative) values in Figure 4c indicated that the electron density increases (reduces) under
the influence of the sunrise enhancement drifts. The black lines denote the geomagnetic field lines with peak
heights of 600 km and 800 km in the equatorial plane. Figure 5 exhibits the results at times from 07:00 to
12:00 LT in the similar style of Figure 4.

One can see from Figure 4a that a high-density region is first seen before 08:00 LT at about 20° latitude away
from themagnetic equator in the Northern Hemisphere, which is understood as the effect of earlier sunrise in
the Northern Hemisphere during June solstice. After that, another electron density crest region forms in the
Southern Hemisphere, as demonstrated in Figure 5a.

Figure 4c indicates that the electron densities decrease in the bottomside and increase in the topside iono-
sphere associated with the sunrise enhancement drifts. The induced differences in electron density become
most evident at 06:00 LT when the drift reaches its peak during the sunrise enhancement. The differences

Figure 4. The electron density as a function of latitude and height from 04:30 to 06:30 LT on 10 June 2004, from TIME-
IGGCAS simulations driven by (a) the S-F model drifts and (b) the observed drifts. (c) The electron density differences illu-
strated in Figures 4b and 4a. The black lines denote the geomagnetic field lines with peak heights of 600 km and 800 km in
the magnetic equatorial plane.
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gradually diminish when two sets of vertical drifts are nearly similar with each other at 12:00 LT. These sug-
gest that the dominating sunrise enhancement drifts can drive the equatorial ionosphere upward to higher
altitudes compared to the conditions without sunrise enhancements.

The differences in electron density in Figure 4c reach a maximum at altitudes from about 600 km to 800 km,
indicating that the sunrise enhancement drifts can drive the plasma upward at least up to about 800 km
altitudes near sunrise in the equatorial ionosphere. Subsequently, at 800 km altitudes the lifted plasma will
diffuse downward to both sides of the magnetic equator along the geomagnetic field lines due to the
off-equator pressure gradient and gravity, which is generally known as equatorial plasma fountain effect
[Hanson and Moffett, 1966]. After 06:15 LT, the transported plasma along the geomagnetic field lines has
some asymmetries with the larger plasma flow in the Southern Hemisphere comparable to the Northern
Hemisphere. This is because in June solstice circumstance, the trans-equatorial neutral winds can drag the
plasma along the geomagnetic field lines from the Northern to Southern Hemisphere. With the enhanced
equatorial plasma fountain during the sunrise enhancement, the locations of the crests are shifted to farther
higher latitudes, which can be seen from Figures 4b and 5b.

4. Discussion

Among the simulated results, the most interesting feature is the formation of equatorial F3 layer associated
with the sunrise enhancement in the vertical drifts. The F3 layer formation here is produced by the upward
vertical drifts, which is similar with the one proposed earlier in Balan and Bailey [1995]. However, both the for-
mation and maintenance of the F3 layer are quite different in our simulations and those in Balan and Bailey
[1995]. Such discrepancies are attributed to the different patterns of vertical drifts used in the simulations.

Unfortunately, the F3 layer is not observed in the ionograms in the cases on 12 May and 10 June 2004. The
ground-based DPS can only detect the bottomside ionosphere below the peak density, so in the ionograms
the F3 layer can be seen only when the peak density of the F3 layer is greater than that of the F2 layer. In

Figure 5. Same as Figure 4 but for later times (from 07:00 to 12:00 LT).
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current cases, although the F3 layer is not directly appeared in the ionograms, some signatures hint its
possible existence.

Figure 6 displays the ionogram-derived electron density profiles measured over Jicamarca on 11 (blue lines)
and 12 (red lines) May 2004. The variation of the ionogram-derived profiles on 10 June 2004 is similar to that
on 12 May 2004, we thus do not plot them here. It should be noted that, although electron density profiles
derived from ionograms may be reasonably extrapolated to altitudes above hmF2, the profiles above hmF2 do
not represent their actual behaviors. During the sunrise enhancement, some features exhibited in the
ionogram-derived profiles on 12 May 2004, such as the lifted hmF2, decreased foF2, and distorted profiles,
are similar to those from the simulations.

As shown in Figure 6, during the sunrise enhancement, the electron density below hmF2 is curtailed before
06:00 LT on 12 May. The bottomside profile distinctly increases in magnitude from 06:00 to 06:30 LT on 12
May. Meanwhile, the peak height recorded with the DPS rapidly reduces in magnitude. However, the vertical
drift is upward at this period and should cause the plasma upward to make the bottomside electron density
reduced and peak height lifted. Thus, the hmF2 observed by ionogram after 06:00 LT is new produced in the
lower heights due to the drastically photochemical process instead of dropping of the lifted layer. Thereby,
the lifted layer may be still existed at higher altitudes. The ionograms recorded by the Jicamarca DPS have
a time resolution of 15min. The interval of 15min may make a condition that, when the ionograms are
recorded by the ionosonde, the peak density of the lifted F3 layer is lower than that of the new F2 layer
due to the strong photochemical process after sunrise. This may lead to fail to detect the F3 layer in
the ionograms.

Our simulations also suggest that a foF3 higher than new foF2 only lasts for a short time. Thus, the F3 layer
during the sunrise enhancement may be easy to be missed by using the ionosonde measurements with a
time resolution of 15min. In future study, it is worthy and possible to combine space-based observations with
ISR measurements to further validate the relationship between the F3 layers and the sunrise enhancement of
the vertical drifts.

Figure 6. The ionogram-derived electron density profiles measured at Jicamarca on 11 (blue lines, no sunrise enhancement
case) and 12 (red lines, sunrise enhancement case) May 2004.
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5. Summary

In this study, we report two cases of the sunrise enhancement in the F region vertical drift measured by the
ISR over Jicamarca on 12 May and 10 June 2004. Under low solar activity and geomagnetic quiet times, the
vertical drifts from the ISR observations can also enhance near sunrise in a way similar to the PRE near sunset.
The Jicamarca ISR is regarded as the most powerful instrument to measure the equatorial ionospheric F
region vertical plasma drifts. Thus, the two cases from the ISR measurements further provide evidence for
the existence of sunrise enhancements in equatorial vertical drifts.

The effects of the sunrise enhancement on the ionosphere are, for the first time, investigated by using the iono-
grams from a Digisonde Portable Sounder at Jicamarca and conducting the Theoretical Ionospheric Model of
the Earth in Institute of Geology and Geophysics, Chinese Academy of Sciences. In the DPS observations, the
sunrise enhancement drift causes to lift the hmF2 significantly, and F2 layer peak density and bottomside elec-
tron density tend to decrease compared to the days without sunrise enhancement drifts. The simulations from
the TIME-IGGCAS show that, owing to the effect of the sunrise enhancement, the equatorial ionosphere is
distinctly lifted, and the electron density profiles are distorted distinctly. What is more, the simulations tell
the possible existence of the F3 layer in the equatorial F region during the sunrise enhancements, while the
normal F2 layer develops at lower altitudes by the usual photochemical and dynamical processes.
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