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Abstract We present an analysis of additional ionospheric F-region layers, the F3 layers at Arecibo
(18.3°N, 32°N geomagnetic latitude). The F3 layer is often observed in low geomagnetic latitudes observed
above the F2 layer. This is the first time that the F3 layer is reported at Arecibo, which has a dip angle of 43.6°.
Three F3 layer events were captured by the Arecibo incoherent scatter radar at around 400 km in the period of
03:00-07:00 LT, 04:00-06:00 LT, and 02:00-06:30 LT on 30 November, 1 December, and 2 December 2016,
respectively. The formation of the observed layers is largely due to the change of the height gradient of the
vertical ion drift, which accumulates the electrons at around 400 km. This generation mechanism is further
verified by the simulation. The altitudinal variation of the vertical ion drift is mainly due to the effect of the
westward electric field.

Plain Language Summary In the low geomagnetic latitudes of +/—15°, an additional ionospheric
layer above the ionospheric F2 peak is often observed. The additional layer, often called F3 layer, is suggested
to be generated by the upward ion drift over the F2 peak. Using incoherent scatter radar (ISR) measurements at
Arecibo (18.3°N, 32°N geomagnetic latitude), Puerto Rico, we provide the first observations of F3 layer events
at geomagnetic mid-latitudes. Three events of the F3 layer were captured by the Arecibo ISR at around 400 km
in the period of 03:00-07:00 LT, 04:00-06:00 LT, and 02:00-06:30 LT on 30 November, 1 December, and 2
December 2016, respectively. Our analysis shows that the observed F3 layers were formed due to the change in
the height gradient of the downward vertical ion drifts that result in a large plasma influx at about 400 km. The
vertical variation of the downward vertical ion drift is largely due to the effect of the westward electric field.
Our results provide a good example that the F3 layer could be formed largely due to the vertical transport at the
geomagnetic mid-latitude, which improves our understanding of the F3 layer.

1. Introduction

The F3 layer, an additional ionospheric F-region layer above the normal F2 layer has been observed since the
1940s using ground-based ionosonde measurements (e.g., Ratcliffe, 1951; Sen, 1949; Skinner et al., 1954). In
1995, Balan and Bailey (1995) investigated the structure of stratification above the F2 layer as a mechanism
for the F3 layer using the Sheffield University Plasmasphere Ionosphere model (SUPIM). Since then, the F3
layer has been studied extensively both theoretically and observationally (e.g., Balan et al., 1997, 1998; Batista
et al., 2002; Chaitanya et al., 2013, 2016; Fagundes et al., 2011; Hsiao et al., 2001; Jenkins et al., 1997; Klimenko
& Klimenko, 2012; Klimenko et al., 2011, 2012; Lynn et al., 2000; Mridula & Pant, 2018; Rama Rao et al., 2005;
Sreeja et al., 2010; Tardelli et al., 2016; Uemoto et al., 2007; Venkatesh et al., 2019, 2020; Zain et al., 2008; Zhao,
Wan, Reinisch et al., 2011; Zhao, Wan, Yue, et al., 2011; Zhao et al., 2014). Applying the SUPIM model, Balan
et al. (1998) suggested that the F3 layer is likely due to the upward E X B drift with the meridional neutral wind
playing a minor role. Using measurements from oblique and vertical ionosondes, Lynn et al. (2000) presented
the first observational study on the latitudinal variation of the F3 layer at equatorial latitudes in Southeast Asia.
They found that the F3 layer primarily occurred in a latitudinal range from 4° to 18° on the southern side of the
magnetic equator. Applying long-term observational data at Fortaleza in Brazil, Batista et al. (2002) reported
that the additional layer more likely appeared during the local summer and winter than the equinoxes. Rama Rao
et al. (2005) found that the occurrence of the F3 layer decreases with increasing solar activity. The F3 layer is
predicted to form during the morning-noon period (Balan et al., 1998), but the time of occurrence can extend to
afternoon (14:00-16:00 LT) during the storm time (Balan et al., 2008; Klimenko et al., 2011) or even post-sunset
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(18:00-21:00 LT) (Zhao, Wan, Reinisch, et al., 2011). Using the Global Self-Consistent Model of the Thermo-
sphere, Ionosphere, and Protonosphere, Klimenko and Klimenko (2012) investigated the formation mechanisms
of the F3 layer. They stated that the height varying vertical plasma drift is important in forming the F3 at the equa-
torial region. Zhao et al. (2014) presented statistical results of the global characteristics of the F3 layer based on
the observation made by the Constellation Observing System for Meteorology, Ionosphere and Climate satellite
between April 2006 and August 2014. Their results show that the F3 layer most frequently occurs in the geomag-
netic latitudinal range of +15° and the time of occurrence is largely after 08:00 LT. Mridula and Pant (2018)
investigated the occurrence of the post-noon F3 layer over dip equatorial station Thiruvananthapuram in India.
They found that the reversal of the E region electric field plays a crucial role in the generation of the afternoon F3
layers. Venkatesh et al. (2019) reported an F3 layer occurred over a large latitudinal extent from 20°S to 25°N dip
latitudes during a storm that occurred on 17 March 2015. The F3 layer is proposed to be related to prompt pene-
tration electric field (PPEF) phases. Using the Jicamarca (1.9°S, 282.7°E, 0.5°S magnetic latitude) incoherent
scatter radar (ISR) measurements from 2014 to 2018, Venkatesh et al. (2020) presented a systematic observation
of an F3 layer at equatorial region. Their study suggested that the F3 layer observed at Jicamarca is less prominent
than those of other low latitudes. According to the previous studies, the F3 layer is generally recognized as an
equatorial ionospheric phenomenon and its occurrence depends on magnetic and solar activities. A review of the
studies on the F3 layer in the low latitude ionosphere can be found in Balan et al. (2018) and references therein.

In this study, we investigate the structure and the formation mechanism of the F3 layers observed at Arecibo,
Puerto Rico (18.3°N, 66.7°W, 32°N geomagnetic latitude). To our knowledge, this is the first time that F3 layers
have been reported at Arecibo, a station at mid-geomagnetic latitude, despite over 50 years of operation. Data
processing methods are described in Section 2. Results and discussions are presented in Section 3 and conclu-
sions are summarized in Section 4.

2. Data Description

The experiment was conducted at Arecibo Observatory using the dual-beam ISR in the period from 30 November
to 2 December 2016. The Linefeed was pointed at the zenith all the time while the Gregorian feed rotated at a
fixed 15° zenith angle during the observation. The observation used the coded long-pulse technique described
by Sulzer (1986). This study uses line-of-sight (LOS) ion drifts, electron density, electron and ion temperature,
all of which are directly obtained by processing the ISR power spectrum. The altitudinal resolution of these
ionospheric parameters is 12 km. Vector ion drifts in the directions of anti-parallel to the geomagnetic field (v,
positive is upward in the anti-parallel direction of geomagnetic field line) and perpendicular to B and northward
(v, positive is in the direction of upward and northward) are converted from the LOS ion drifts using the linear
regularization method described by Sulzer et al. (2005). Note that the derivation of the vector ion drifts using
the Arecibo ISR depends on the measurements from the Gregorian feed because only the Gregorian feed was
rotated through the experiment to collect LOS ion drifts at different directions (e.g., Gong & Zhou, 2011; Sulzer
etal., 2005). However, the data obtained from the Gregorian feed above 420 km is not available and consequently,
the vector ion drifts (v, and v, ) are limited below 420 km. The data measured from the Linefeed is available up
to 1,000 km.

In the geomagnetic coordinate, the vertical ion motion (v,, positive is upward) consists of v, and v, via,
Uz = UpnCOST + Uypsind (1)

where / denotes the dip angle. At Arecibo, [ is 43.6°, which means that v, and v,, almost have the same weight
on v_. The anti-parallel ion drift is associated with the diffusion velocity (v,) and meridional wind (u,) via (e.g.,
Gong et al., 2012),

Vap = uscosl + vg 2

where v, depends on electron concentration, electron and ion temperature, and most importantly ambipolar
diffusion coefficient. A detailed derivation of v, can be found in Gong et al. (2012). However, the derivation
of the meridional wind using the Arecibo ISR is not very accurate above 350 km, because any inaccuracy in
measurements is greatly amplified due to the very large ambipolar diffusion coefficient at that region (Gong &
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Figure 1. (a) Vertical distribution of electron density in the altitude range from 200 to 500 km at 04:00 LT (red), 04:30 LT
(orange), 05:00 LT (yellow), 05:30 LT (green), and 06:00 LT (blue) on 30 November (left), 1 December (middle), and 2
December 2016 (right); (b) height-and-time electron density distribution, and ionospheric peak heights (HmF2, blue curve;
HmF3, red curve) from 00:00 LT to 09:00 LT on 30 November (left), 1 December (middle), and 2 December 2016 (right); (c)
temporal variations of the peak concentrations (NmF2, blue curve; NmF3, red curve), respectively on 30 November (left), 1
December (middle), and 2 December 2016 (right).

Zhou, 2011). In this study, we use v, instead of u, to avoid the uncertainties. A more detailed description of ISR
measurement techniques can be found in Zhou and Sulzer (1997).

3. Results and Discussion

Figure 1a presents the vertical distribution of electron density in an altitude range from 200 to 500 km at 04:00 LT
(red), 04:30 LT (orange), 05:00 LT (yellow), 05:30 LT (green), and 06:00 LT (blue) on 30 November (left), 1
December (middle), and 2 December 2016 (right). As seen from Figure 1a, in the three consecutive days, an
additional peak over the ionospheric F2 peak is observed at ~400 km. A method that estimates the relative error
of the electron density obtained from Arecibo ISR is described in Zhou et al. (1995). Based on the method, the
relative error of the electron density is less than 4% at 400 km. In order to better locate the F3 peak, the electron
density profile is interpolated to have a 1 km height resolution. Figures 1b and 1c¢ show the temporal variations of
the ionospheric peak heights (HmF2, blue curve; HmF3, red curve) and peak concentration (NmF2, blue curve;
NmF3, red curve), respectively.

According to Figure 1b, the F3 layers commenced at ~03:00 LT on 30 November, ~04:00 LT on 1 December,
and ~02:00 LT on 2 December. The F3 peak lasted for 4 hr on 30 November, 2 hr on 1 December, and 4.5 hr on 2
December. When the F3 peaks exist, the HmF?2 is in an altitude range from 200 to 300 km. The HmF2 shows the
typical nighttime variation at Arecibo. A rapid drop of HmF2, the so-called midnight collapse, occurred around
midnight which is a prominent and common ionospheric feature at Arecibo (Gong et al., 2012). In the period
from ~03:00 LT to ~06:00 LT, the NmF2 which is shown in Figure 1c is about two times larger than the NmF3.
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Figure 2. (a) Range-time-intensity plots of the vertical ion drift (positive upward) in the period from 00:00 LT to 09:00 LT,
respectively on November 30 (left), December 1 (middle) and December 2 (right), 2016; (b) vertical variation of the vertical
velocity (v,) at 04:00 LT (red), 04:30 LT (orange), 05:00 LT (yellow), 05:30 LT (green), 06:00 LT (blue), the averaged v_in
the period from 04:00 LT to 06:00 LT (black dots) and its linear fitting (black lines) on 30 November 2016, k represents the
height gradient of v; (c) vertical variation of the transport term (—V- (¥, - v,)) at 04:00 LT (red), 04:30 LT (orange), 05:00 LT
(yellow), 05:30 LT (green) and 06:00 LT (blue) on 30 November 2016.

According to previous studies, the F3 layer most likely occurs after 08:00 LT (e.g., Rama Rao et al., 2005) and
it is considered as a phenomenon within +15° of the geomagnetic latitudes (e.g., Zhao et al., 2014). This makes
our observation very interesting since the F3 layers are observed during nighttime and the geomagnetic latitude
of Arecibo is ~32°N.

Since the ion production rate during the night is very low and the recombination rate is slow at ~400 km, the
formation of the F3 peak is very likely due to the vertical transport. Figure 2a shows the temporal variations of the
vertical ion drift in the altitude range of 200-600 km from 00:00 LT to 09:00 LT on 30 November, 1 December,
and 2 December respectively. As shown in Figure 2a, the vertical ion drift is largely downward during the night,
which is typical at Arecibo. The downward ion drift from 03:30 LT to 6:00 LT is particularly prominent. This
indicates that the large topside flux transports ions downward, which may help in the formation of the F3 layer.
However, since a constant ion drift can only push the F2 layer up or down, the F3 layer cannot be generated. The
topside flux could not play a direct role in the formation of the F3 layer. In order to better reveal the altitudinal
structure of the vertical ion drift, Figure 2b presents the vertical ion drift in the altitude range from 200 to 500 km
at 04:00 LT (red), 04:30 LT (orange), 05:00 LT (yellow), 05:30 LT (green), and 06:00 LT (blue) on 30 November
2016. The black dots are the averaged vertical ion drift in the period from 04:00 LT to 06:00 LT on 30 November
2016. As seen from Figure 2b, the magnitude of the vertical ion drift largely decreases with decreasing altitude
but with different gradients (k = dv /dh) in different regions. As shown by the black dots in Figure 2b, in the
altitude range from 500 to 430 km, the magnitude of the downward ion drift quickly decreases from 140 m/s to
95 m/s with a gradient of —0.597 X 10%. From 430 to 400 km, the magnitude of the downward ion drift changes
slowly and the gradient is —0.169 x 10%s. From 400 to 300 km, the magnitude of the vertical ion drift rapidly
decreases again from 90 m/s to 45 m/s and the gradient is —0.385 X 10%s. The altitudinal variation of the gradient
of v, may establish the condition for the ions to be accumulated at around 400 km.
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Figure 3. (a) Vertical variation of the electron density at 3:00 LT (blue) and
3:30 LT (green) 30 November 2016, and simulated electron density profile at
3:30 LT (red) 30 November 2016; (b) the same as (a) but for the time instant
at 0:00 LT (blue, observed), 0:30 LT (green, observed), and 0:30 LT (red,
simulated) 30 November 2016. (c) vertical variation of the vertical ion drift
(v,) at 3:00 LT (red), 3:10 LT (orange), 3:20 LT (green) and 3:30 LT (blue);
(d) the same as (c) but for the time instant at 0:00 LT (red), 0:10 LT (orange),
0:20 LT (green) and 0:30 LT (blue) 30 November 2016; (e) initial vertical
profile of the electron density at 0:00 LT (blue) 30 November 2016, and
simulated electron density profiles with v_in the period of 3:00-3:30 LT (red)
30 November 2016.

drift are interpolated in height and time respectively to have 1 km and 1 s
altitudinal and temporal resolutions. The upper and lower boundaries are set
to 600 and 250 km, respectively. We averaged the electron density at 600 and
250 km during the double-peak and non-double-peak periods, respectively.
Then, we set the average as the boundary condition for electron density. The
temporal variation of electron density with the effects of the transport term
-V. (NeV) and the recombination term —gN, are simulated using Equa-
tion 3. The simulation results of the double-peak and the non-double-peak
periods are presented in Figures 3a and 3b, respectively. Figure 3a presents
the vertical variation of the electron density at 3:00 LT (blue) and 3:30 LT
(green) 30 November 2016, and simulated electron density profile at 3:30 LT
(red) 30 November 2016. Figure 3b is the same as Figure 3a but for the time
instant at 0:00 LT (blue, observed), 0:30 LT (green, observed), and 0:30 LT

(red, simulated) 30 November 2016. The vertical ion drifts used in the simulation of the double-peak and the
non-double-peak periods are presented in Figures 3¢ and 3d, respectively.

As shown in Figures 3a and 3b, the simulated electron density profile at 3:30 LT 30 November 2016, presents a
prominent additional stratification at ~400 km while the simulated profile at 0:30 LT 30 November 2016, did not
even show a topside ionosphere ledge. The simulated N, profile at 3:30 LT has a similar trend as the observation
(green curve). Although this simulation cannot be a sufficient proof for the vertical ion drift being the only mech-
anism for the formation of stratification, it demonstrates that the vertical ion drift could play an important role in
generating an additional layer at the altitude of ~400 km. As seen from Figures 3¢ and 3d, the height variation
of v_ used in the double-peak and the non-double-peak periods are very different. During the non-double-peak
period, the vertical variation of v, is limited. In order to reveal the importance of the vertical variation of v, we
run another simulation in which v_in the double-peak period and the initially observed electron density profile at
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Figure 4. The vertical variations of v, (red), v, (green), and v, (blue) in the altitude range between 250 and 420 km
respectively on 30 November (left panel), 1 December (middle panel), and 2 December (right panel), 2016. The results are
averaged in the period of 3:00 LT to 7:00 LT on 30 November, 4:00 LT to 6:00 LT on 1 December, and 2:00 LT to 6:30 LT
on 2 December. The error bars represent the range of one standard deviation of v, v, ,,, and v_, in the double-peak period at
each height.

00:00 LT are applied. As we can see from Figure 3e, if the initial N, profile is approximate exponential decaying
with height and combined with v, in the double-peak period, the simulation shows that an F3 layer can be formed.

Previous studies (e.g., Balan et al., 1998) suggested that the formation of the F3 peak is due to the upward ion
drift over the F2 peak. While the F2 layer was lifted upward and became the F3 layer, a new F2 layer developed at
an altitude of the original F2 peak through photochemical processes and dynamics. Since the production of ioni-
zation and upward ion drifts are essential for the formation of the F3 layer, this kind of stratification occurs only
during daytime and at the equatorial locations where the dip angle is small and E X B drift is sufficient enough
to support the upward drift. Klimenko and Klimenko (2012) stated that during the nighttime, the F3 layer can be
formed by the height gradient of the vertical plasma drift caused by the zonal electric field at the geomagnetic
equator. However, based on our observation shown in Figures 1 and 2, the additional layers occurred when the
drift was downward and the solar ionization rate was low. Besides, Arecibo Observatory is located in the middle
geomagnetic latitude. Thus, the conditions for F3 occurrence at Arecibo are quite different from the observations
at low latitudes reported by previous studies. Our study presents the first case that the F3 layer is mainly caused
by the vertical drift gradient in the geomagnetic mid-latitude.

Based on Figures 1 and 2, the vertical ion drift is key to the formation of the F3 layer. v, is composed of the
projections of v, and v,in the vertical direction. v, is controlled by the zonal electric field via E X B. v, is
associated with the meridional wind and diffusion velocity. At the geomagnetic equator, the effect of meridional
wind and diffusion to the vertical ion drift is negligible because the dip angle is zero, while at Arecibo, the dip
angle is 43.6°. According to Equation 1, v, = 0.72v,, + 0.69v,,, which indicates that the zonal electric field and
meridional wind are both important in controlling the vertical ion drift. To further investigate the variation of v_in
the double-peak period, altitudinal variations of v_ (red), the vertical components due to electric field (v_,,, green)
and parallel to B drift (v, , blue) averaged during the periods of the F3 layers on 30 November (left), 1 December

(middle), and 2 December 2016 (right) are presented in Figure 4. The standard deviations of v_, v andv_, in

z_pn’ p

the double-peak period at each height are also calculated and presented as error bars in Figure 4.

As seen from Figure 4, the vertical variation between v, and v_, are very similar, while the vertical variation of
V, 18 limited. Hence, the formation of the F3 layer is mainly due to the height gradient of the downward ion drift
caused by the westward electric field. Gong et al. (2013) reported that the geomagnetic storm could have a large
impact on the variation of the zonal electric field at Arecibo. During our observation, the geomagnetic activity is
quiet (Kp index is less than 2 and the Dst index is greater than —10 nT), and the solar activity is low (less than 85
solar flux unit (SFU), 1SFU = 10~22 W/m?/Hz). Hence, the geomagnetic and solar activities are not responsible
for the vertical variation of v,,. The formation of the observed F3 layer is mainly due to the effects of the vertical
ion drift gradient, which is consistent with the study reported by Klimenko and Klimenko (2012) for the equato-
rial ionosphere. In general, the vertical variation of v, at Arecibo is limited (e.g., Zhou & Sulzer, 1997). Further
studies using a substantial data set are needed to investigate the reason why the zonal electric field could have a
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large vertical variation above 300 km. Note that traveling ionospheric disturbances/gravity waves (TIDs/GWs)
could be a potential source for the change in vertical transport. However, the study of the effect of TIDs/GWs on
the vertical ion motion is beyond the current scope of the paper.

4. Summary and Conclusion

The F3 layer is recognized as a general structure that occurs in the lower geomagnetic latitudes. Using the Arec-
ibo incoherent scatter radar (18.3°N, 32°N geomagnetic latitude) measurements in the periods from 30 Novem-
ber to 2 December 2016, three F3 layer events have been observed. To our knowledge, this is the first time that
F3 layers have been reported at Arecibo. The F3 layers commenced on ~03:00 LT 30 November, ~04:00 LT 1
December, and ~02:00 LT 2 December, and lasted for 4, 2, and 4.5 hr, respectively. The F3 layers are at about
400 km and the concurrent F2 peaks are in an altitude range from 200 to 300 km. In the periods of 03:00 LT to
06:00 LT on 30 November, 1 December, and 2 December, significant downward vertical ion drift is observed
above 300 km, and the gradient of the downward ion drift is strongly height dependent.

Our analysis reveals that the observed F3 layers are mainly generated by the height variation of the downward ion
drift, which is largely caused by the westward electric field. Our simulation verifies that the observed vertical ion
drift could play an important role in generating the F3 layer. This study presents a first case that the F3 layer could
be formed mainly by the gradient of the vertical transport at the geomagnetic mid-latitude. Nevertheless, more
cases need to be studied to better understand the formation mechanism and occurrence of the F3 layer at Arecibo.

Data Availability Statement

The Arecibo data used here can be obtained from the Madrigal Database at the Arecibo Observatory through
http://www.naic.edu/madrigal/index.html/. The geomagnetic and solar activities indices Kp, Dst, and F, ;, can be
downloaded from the SPDF OmniWeb database (https://omniweb.gsfc.nasa.gov/form/dx1.html).
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