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Abstract

We present results of a study of post-midnight equatorial spread F (ESF) events over the Jicamarca Radio Observatory
(JRO) that examined unambiguous radar measurements of event origin in the American sector. Our analysis considers
variations in post-midnight ESF generation due to changing seasonal, solar, and geomagnetic conditions. We ana-
lyzed 396 nights of observations made with the 14-panel version of the Advanced Modular Incoherent Scatter Radar
(AMISR-14) between July 2021 and August 2023. We leveraged the 10-beam AMISR-14 mode, which effectively meas-
ures ~400 km zonally of the equatorial F-region ionosphere, to identify and classify post-midnight ESF as either local
(i.e, generated within the instrument field of view) or non-local (i.e,, generated outside the instrument field of view).
Our results for the occurrence rates of post-midnight ESF exhibit a strong seasonal dependence, with maximum
values in June solstice and minimum values for equinoxes. The results also show the post-midnight ESF occurrence
rates are anticorrelated to the solar flux conditions. As for geomagnetic activity, the results indicate that occurrence
rates decrease considerably under geomagnetically quiet conditions. The combination of these seasonal, solar flux,
and geomagnetic activity influences suggests the weakened downward plasma drifts late at night during June
solstice conditions can be reversed to upward drifts by contributions from disturbance drifts. In the case of upward
drifts caused by geomagnetic disturbances, the reversed upward post-midnight drifts may then contribute to condi-
tions favoring ESF development provided that a prompt penetration or disturbance dynamo electric field with appro-
priate polarity, even from modest geomagnetic activity, is present. In support of this proposed post-midnight ESF
generation mechanism, we also present and discuss simultaneous AMISR-14 and collocated incoherent scatter radar
measurements of a June solstice 2023 event. Perhaps most importantly, our results show the occurrence rates of local
and non-local post-midnight ESF as observed with AMISR-14 are nearly identical. That is, local events were observed
effectively as often as non-local events, and vice versa, under all seasonal, solar, and geomagnetic conditions. There-
fore, data-driven forecasting approaches relying exclusively on local (i.e., “overhead”) measurements of ionospheric/
thermospheric conditions may not always be well-suited to reproducing the observed ESF phenomenology.

Key Points

— We analyzed ~2 years of two-dimensional radar measurements to determine the climatology of post-midnight
ESF generated locally (i.e., within the radar field of view) and non-locally.
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under conditions of abnormal vertical plasma drifts.

midnight ESF during June solstice.
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— We found nearly the same (50/50) occurrence rates for post-midnight ESF events that developed locally
and non-locally, independent of season and solar flux conditions.
— Collocated ESF and drift observations show the unequivocal case of a post-midnight ESF event generated

— The observations also show that even moderate geomagnetic activity can contribute to the generation of post-

— The observations support the hypothesis that post-midnight ESF is more likely to occur under certain condi-
tions of weak post-midnight drifts with contributions from disturbance electric fields.
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1 Introduction

Equatorial spread F (ESF) is the common term used to
describe distinct signatures in a variety of space- and
ground-based measurements that are the result of
irregularities in the ionospheric F-region plasma den-
sity (Booker and Wells 1938; Hanson and Sanatani 1971;
Woodman and LaHoz, 1976; Hysell 2000).

To explain the mechanism by which these irregu-
larities develop into irregularities associated with ESF,
the Generalized Rayleigh—Taylor (GRT) instability is
often invoked (Burke et al. 1980; Kelley et al. 1981; Sul-
tan 1996). The strong ionospheric upward drifts during
the prereversal enhancement (PRE) of the zonal electric
field (Rishbeth 1971; Heelis et al. 1974; Farley et al. 1986;
Haerendel and Eccles 1992) at magnetic equatorial lati-
tudes around local sunset are often considered the main
factor controlling the development of GRT instabilities
and subsequent ESF irregularities (Basu et al. 1996; Fejer

et al. 1999). ESF is observed in the post-sunset sector (i.e.,
before local midnight) with high occurrence rates rela-
tive to other times (Abdu et al. 1998; Hysell and Burcham
2002; Smith et al. 2016; Zhan et al. 2018).

Despite the well-understood relationship between the
PRE around sunset and the onset of ESE, atypical ESF
events have still been reported for seasons and local
times when conditions are not expected to be conducive
to their development. For instance, numerous previous
studies have described ESF events measured after local
midnight, which are referred to as post-midnight ESF
(e.g., Patra et al. 2009; Li et al. 2011; Yizengaw et al. 2013;
Zhan et al. 2018). The development of such events, how-
ever, is yet to be fully understood.

Post-midnight ESF occurrence rates consistently reach
maximum values during low solar flux solstices, espe-
cially the June solstice (Heelis et al. 2010; Smith et al.
2016; Zhan et al. 2018). Conventional assessments of the
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GRT instability linear growth rate suggest ESF should
be effectively suppressed under these conditions. More
recent studies of post-midnight ESF have suggested these
events could have been caused by abnormal upward
plasma drifts late at night (Stoneback et al. 2011; Zhan
et al. 2018; Otsuka 2018; Krall et al. 2021; Chou et al.
2024). However, progress has been limited in part by dif-
ficulties in determining when and where post-midnight
ESF originates and the limited availability of equatorial
vertical drift measurements.

Efforts have been dedicated to identifying the origin of
post-midnight ESF detected by radars. Collocated instru-
ments such as Digisondes have been used to show an
apparent uplift of the bottomside F-region prior to the
onset of radar echoes associated with post-midnight ESF
(Nicolls, 2006; Zhan et al. 2018; Rodrigues et al. 2019).
Rodrigues et al. (2019) also performed spectral analysis
of post-midnight F-region echoes and used echo spectral
widths to infer the “age” (i.e., level of turbulence) of post-
midnight ESE.

Furthermore, the electronic beam-steering capability
of the Equatorial Atmosphere Radar (EAR) in Indonesia
has enabled observations that capture the temporal and
spatial development of post-midnight field-aligned irreg-
ularities (Otsuka et al. 2009; Yokoyama et al. 2011; Ajith
et al. 2015, 2024). The use of this type of observational
capability at magnetic equatorial latitudes would enhance
understanding of the origin of post-midnight ESF over a
certain location.

Since 2014, an electronic beam-steering capable radar
has been deployed at the Jicamarca Radio Observatory
(JRO, 11.95°S geographic latitude, 76.97°W geographic
longitude, ~ 1°S dip latitude). The radar is a smaller,
14-panel version of the Advanced Modular Incoher-
ent Scatter Radar (AMISR) system and is referred to as
AMISR-14. Rodrigues et al. (2015) showed the capabil-
ity of AMISR-14 to measure Bragg scattering of ESF
irregularities in look directions other than directly over-
head. We emphasize that AMISR-14 can directly meas-
ure echo-causing irregularities associated with ESF in
the magnetic equator over a wide zonal (i.e., ~400 km at
F-region heights) field of view (FOV). However, technical
issues with the system prevented its continuous opera-
tion until after repairs were completed in 2021.

Semi-routine (~ 200 days per year) observations of ESF
with AMISR-14 began in July 2021 and have continued as
part of regular observation campaigns at the JRO. Rod-
rigues et al. (2023) reported on the mode used for two-
dimensional (2D) observations of ESF with AMISR-14.
Massoud et al. (2024) reported on the occurrence rates of
ultra-high frequency (UHF) echoes observed by AMISR-
14 and how these rates responded to variations in season
and solar flux conditions.
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Here, we explore the new 2D AMISR-14 observations
to advance our understanding of post-midnight ESF.
More specifically, we use approximately two years of
east—west “scans” of the ionospheric F-region made with
AMISR-14 to determine how often post-midnight ESF
events observed over Jicamarca developed locally, that is,
within a few 100 s of km of the site. In addition, we com-
pare 2D AMISR-14 “scans” which captured a post-mid-
night ESF event in June solstice 2023 to vertical plasma
drift measurements made by a new collocated incoherent
scatter radar (ISR) experiment. The simultaneous obser-
vations from both experiments allow us to describe the
ionospheric dynamics under which post-midnight ESF
above Jicamarca is observed.

This report is presented as follows: Sects. 2 and 3 pro-
vide an overview of AMISR-14, a description of its most
relevant features, and example results from our analy-
ses of post-midnight ESF events. In Sect. 4, we present
results of our analyses of long-term observations of
post-midnight ESF events made by AMISR-14. Empha-
sis is given to the effects of different geophysical factors
(e.g., geomagnetic activity, solar flux, and season) on
the occurrence of ESF events that develop near Jicama-
rca. In addition, results from AMISR-14 and a collocated
ISR experiment are presented for a case study that pro-
vides new experimental evidence of the relation between
abnormal drifts and post-midnight ESF. Finally, in Sect. 5,
we summarize our main findings.

2 Instrumentation and observations

The results presented in this study are obtained using
measurements of UHF echoes made with the 14-panel
version of the AMISR system—AMISR-14 (Rodrigues
et al. 2015, 2023). For a detailed description of the AMISR
system, see Valentic et al. (2013). UHF echoes observed
with AMISR-14 are well-associatedwell associated with
the occurrence of ESF irregularities, as described in Mas-
soud et al. (2024). Here, we provide relevant information
about AMISR-14 and describe our analysis of ESF events
measured with the radar system after local midnight.

2.1 AMISR-14

AMISR-14  experiments have complemented and
expanded JRO observational capabilities (Rodrigues
et al. 2015, 2018, 2023; Sousasantos et al. 2023; Green
et al. 2023; Massoud et al. 2024; Hedges et al. 2025). The
novelty of AMISR-14 in comparison to previous radar
experiments at the JRO is demonstrated by the following
two features: (1) operation in the UHF band (445 MHz)
and (2) an electronic beam-steering capability. Previous
radar experiments at the JRO did not have these unique
features and thus could not investigate science ques-
tions that AMISR-14 can address. We briefly discuss both
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features below before describing the main parameters of
the radar mode used to make observations used in this
study.

Radar observations of ESF at Jicamarca have been made
predominantly at 50 MHz, in the very-high frequency
(VHF) band. Coherent backscatter echoes measured at
50 MHz are the result of Bragg scattering of ionospheric
irregularities with scale sizes of ~3 m. AMISR-14 instead
measures Bragg scattering of equatorial irregularities
with sub-meter scale sizes of ~0.34 m. Rodrigues et al.
(2015) presented the first observations of ESF made by
AMISR-14. More recently, Massoud et al. (2024) used
routine (i.e., ~200 days per year) AMISR-14 observations
made between August 2021 and February 2023 to pro-
duce the first climatology of ESF echoes at UHF.

2.2 AMISR-14 observations

For this study, emphasis is placed on the capability of
AMISR-14 to electronically steer its beam and “scan”
the ionospheric F-region in multiple directions. “Scans”
or observations were made in a radar mode referred to
here as the F-region mode. The F-region mode alternates
through 10 different pointing directions. The radar mode
is the same used by Rodrigues et al. (2023) for 2D obser-
vations of ESF. The azimuth and elevation angles of the 10
F-region mode pointing directions are listed in Table 1.
Azimuth describes the angle of the antenna beam direc-
tion, measured clockwise from geographic north. Eleva-
tion describes the angle of the antenna beam direction,
measured upward from the horizontal plane.

Table 1 shows the 10 pointing directions oriented in the
magnetic equatorial plane. The uneven spacing in eleva-
tion angle between consecutive pointing directions was
selected to ensure perpendicularity to the Earth’s mag-
netic field at F-region heights. For each pointing direc-
tion, AMISR-14 operates as a monostatic radar system

Table 1 Azimuth and elevation angles for each AMISR-14
F-region mode pointing direction

Beam number Azimuth (degrees) Elevation
(degrees)

1 -952 59.5

2 -96.5 65.8

3 -97.7 73.8

4 —99.50 783

5 - 1084 86.6

6 102.5 85.1

7 932 80.4

8 90.00 74.00

9 90.00 66.2

1

0 88.9 61.2
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that measures F-region coherent backscatter echoes of
field-aligned irregularities in the magnetic equatorial
plane.

Of main relevance to our analyses of AMISR-14
F-region mode observations is the wide FOV the obser-
vations provide. Although the finite beamwidth reduces
the spatial resolution of AMISR-14 observations com-
pared to results from interferometric in-beam imaging
(e.g., Hysell and Chau 2006; Harding and Milla 2013), the
F-region mode observations measure ESF over signifi-
cantly larger zonal distances.

Table 1 shows AMISR-14 observations obtained in the
magnetic equatorial plane from an elevation of ~60° to
the west of the JRO to ~60° to the east. Figure 1 provides
a diagram visualizing the 10 pointing direction scans.
Consideration of the values listed in Table 1 shows that,
at 350 km in altitude, AMISR-14 “images” the ionosphere
for ~200 km to the west and ~200 km to the east for a
total zonal distance of ~ 400 km.

Table 2 lists experiment parameters for the AMISR-14
F-region mode. The time resolution of the scans is 20 s.
Changes to the inter-pulse period (IPP), baud length, and
number of pulses incoherently integrated were made to
allow AMISR-14 to operate with other collocated VHF
radar experiments and did not affect our analysis.

The AMISR-14 observations used in this study were
made during a portion of the ascending phase of solar
cycle 25. We analyzed measurements made between
16 July 2021 (near the end of June solstice 2021) and 7

Beam#: 1 2 3 4 5 6 7 8 9 10

Height

59.5° 61.2°

l
West JRO East

Zonal Distance
Fig. 1 Sketch of the 10 pointing directions chosen for the antenna
beam in the AMISR-14 F-region mode. All 10 pointing directions are
in the magnetic equatorial (i.e, magnetic east-west) plane. Pointing
directions are depicted relative to the Jicamarca Radio Observatory
(JRO) in the figure. Labels for direction (i.e,, east and west) indicate
zonal distances relative to the JRO
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Table 2 AMISR-14 F-region mode experiment parameters
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Parameter 16 Jul. 21 - 4 Sep. 22 5Sep. 22 -31 Oct. 22 1 Nov. 22-ongoing
Frequency 445 MHz 445 MHz 445 MHz

Bragg wavelength 0.34m 0.34m 034m

Panel configuration* 7 (N/S)x 2 (E/W) 7 (N/S)x 2 (E/W) 7 (N/S)x 2 (E/W)

Antenna half power beam width (N/S 1.4° (N/S) - 8.6° (E/W)

and E/W)

Nominal peak power ~185 kW
Number of beam positions 10

Pulses per beam position 16
Inter-pulse period (IPP) 937.5 km
Code length 28 bauds
Baud length 3.0km
Sampling 1.5 km
Coherent integration None
Incoherent integration 320259

1.4° (N/S) - 8.6° (E/W) 1.4° (N/S) - 8.6° (E/W)

~185 kW ~185 kW
10 10

16 10

1500 km 1500 km
28 bauds 28 bauds
3.0km 4.5 km
1.5 km 1.5 km
None None
200(2s) 200 (2s)

“ Panel configuration refers to how the 14 panels are placed. The configuration 7 (N/S) x 2 (E/W) refers to a rectangular configuration with 2 panels in the East-West

direction and 7 panels in the North-South direction

August 2023 (approximately the end of June solstice
2023). A total of 396 observations were available in this
period. Thus, the observations capture ESF as solar
flux conditions, geomagnetic conditions, and seasons

changed.

3 Analyses and examples of results

We performed analysis on ESF events that occurred over
Jicamarca in the post-midnight sector. More specifically,
we sought post-midnight echo events that would not
appear as a continuation of pre-midnight ESF echoes in
a range—time—intensity (RTI) map generated with tradi-
tional (i.e., single vertical pointing direction) monostatic
radar. Therefore, we focused on events that started after
midnight and appeared as an “isolated” echoing layer in
traditional RTI maps.

Using AMISR-14 2D observations, we determined how
often post-midnight events developed over Jicamarca
locally. One important aspect of this investigation is that
only local events can be adequately correlated with iono-
spheric/thermospheric conditions (e.g., vertical plasma
drifts) measured over the observatory.

3.1 Post-midnight ESF event in an RTI map

We visually inspected RTI maps generated from AMISR-
14 measurements made between 16 July 2021 and 7
August 2023 to determine which observations could be
used in our analysis of the post-midnight ESF events.
Observations were removed from our analysis if more
than ~ 30 min of measurements between local times (LT)
of 22:00 LT and 06:00 LT were unavailable. The availabil-
ity of measurements 2 h before midnight was considered

in this step to ensure all events included for analysis that
occurred soon after local midnight were “isolated” as
described below. After this consideration, 396 observa-
tions were available for analysis.

We began by identifying echo events initially meas-
ured in the post-midnight sector with beam 5 and/or
beam 6 of AMISR-14. Beams 5 and 6 are the two beams
pointed closest to zenith (see Table 1). We chose to iden-
tify post-midnight events with beams 5 and 6 as opposed
to the other eight off-zenith beams in order to emulate
the close-to-zenith pointing direction used in traditional
radar studies of post-midnight ESF at the JRO (Hysell and
Burcham 2002; Smith et al. 2016; Zhan et al. 2018). The
RTI maps for beams 5 and 6 most closely resemble RTI
maps created with observations by VHF systems at the
JRO (Massoud et al. 2024).

We then used RTI maps generated with beams 5 and 6
to identify post-midnight echo events that were isolated.
An event was labeled as isolated if significant echoes
were not measured for at least one hour before the onset
of post-midnight echoes. Events that started in the post-
sunset sector and continued until after midnight were
not labeled as isolated. These events were removed from
our analysis in an effort to focus on post-midnight echoes
not associated with long-lasting pre-midnight ESFE.

Finally, we considered isolated post-midnight echo
events that displayed significant vertical development in
beam 5 and/or beam 6. More specifically, an event had
to extend for at least~ 50 km in altitude to be included
in our analysis. This criterion is used to remove events
resembling bottom-type events (Woodman and La Hoz
1976; Hysell and Burcham 1998) from our analyses.
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Bottom-type echoing layers are caused by the wind-
driven gradient drift instability (Kudeki and Bhat-
tacharya, 1999; Hysell et al. 2004). We are interested in
bottomside and topside ESF events associated with the
GRT instability.

For illustration of our analysis, Fig. 2 shows an RTI
map with an example post-midnight event that met our
selection criteria. It shows observations made on 16-17
September 2021. The RTI map is for beam 5 and shows
moderate-strength echoes from a thin scattering layer
in the post-sunset sector on September 16. In the post-
midnight sector, strong echoes from an echoing structure
that reached ~300 km in height were measured. No sig-
nificant coherent echoes were detected for~3 h before
the onset of post-midnight ESE. The RTI in Fig. 2 is anal-
ogous to one obtained with traditional radar experiments
at the JRO.

The example in Fig. 2 also illustrates the type of obser-
vation where one can question whether the post-mid-
night ESF developed locally or to the west/east of the
site. We reiterate that this question cannot be directly
addressed by traditional radar experiments.

3.2 Non-local post-midnight ESF event

AMISR-14 enables explicit measurement of ESF develop-
ment when all 10 beams in the F-region mode are consid-
ered. As described in Sect. 2.2, AMISR-14 F-region mode
observations “scan” the ionosphere at typical F-region
heights over a zonal distance of ~400 km. The AMISR-
14 observations made with the 10-beam F-region mode
therefore allow us to distinguish between ESF that gen-
erated within the wide instrument FOV or entered the
FOV already well-developed. To this end, we analyzed
sequences of 2D (i.e., height versus zonal distance)
images of UHF echoes.

We constructed 2D “snapshots” or “images” of the dis-
tribution of coherent backscatter echoes measured with
the 10 F-region mode beams on nights with isolated
post-midnight ESF. The images resemble the 2D plots,
often referred to as fan sector plots or maps, generated
with other radars that have an electronic beam-steering
capability (e.g., Fukao et al. 2004; Ajith et al. 2015; Chen

AMISR-14 - Beam 5 - 16-17 Sep

H w
o o
o o

Height [km]
w
8

20:00 21:00

24%:00

19:00 22:00 23:00 00:00

01:00
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et al. 2017). Images with a temporal resolution of 20 s
were combined in sequence to visualize the evolution of
UHF echoes and associated ESF within the AMISR-14
FOV.

We used the sequences of 2D images to identify
whether each isolated post-midnight ESF event was asso-
ciated with echoing structures that developed within the
AMISR-14 FOV (i.e., “fresh” or local) or developed in a
longitude sector outside the FOV before they drifted in
(i.e., “drifting-in” or non-local).

An event was labeled as local if vertically developed
echoes were first measured in at least one of beams 2
through 9. First echoes had to be measured in beam 1, the
beam pointed furthest to the west, or beam 10, the beam
pointed furthest to the east, for an event to be labeled
as non-local. Our analysis of the 2D images is similar to
the methodology described by Ajith et al. (2015) for EAR
measurements to describe the origin of coherent back-
scatter echoes caused by field-aligned irregularities in the
low-latitude ionosphere.

Figure 3 shows an example of our analyses applied to
the post-midnight event shown in Fig. 2. The top panel
of Fig. 3 shows, again, the RTI map for beam 5 of the
AMISR-14 observations. Figure 3, however, only shows
measurements between 23:00 LT on September 16 and
02:00 LT on September 17. The bottom panels show a
sequence of 2D images for a period between 00:35 LT
and 01:35 LT. The arrangement of AMISR-14 beams in
each image is the same as the sketch shown in Fig. 1, with
beam 1 (the most westward beam) the furthest beam on
the left and beam 10 (the most eastward beam) the fur-
thest beam on the right. Negative zonal distances there-
fore correspond to observations to the west of the JRO,
while positive zonal distances correspond to observations
to the east.

The 2D images in the bottom row of Fig. 3 allow us
to identify the UHF echoes associated with the isolated
post-midnight ESF event as non-local. At 00:35 LT, mod-
erate-strength UHF echoes that extended >50 km in alti-
tude were first measured in beam 1. Strong echoes were
observed in sequence by the other western beams and
then by the two beams (5 and 6) pointed closest to zenith.

02:00 03:00 04:00 05:00 06:00 07:00

Local time [hh:mm]

Fig. 2 Range-time-intensity map of ultra-high frequency echoes measured by AMISR-14 beginning on 16 September 2021. Measurements
correspond to one of the pointing directions closest to zenith (i.e, beam 5). The white dashed line marks local midnight
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Fig. 3 Range-time-intensity map of ultra-high frequency (UHF) echoes measured by AMISR-14 beginning on 16 September 2021 (top panel).
Measurements are shown from one of the beams closest to zenith (beam 5). The white dashed line indicates local midnight. The transparent white
solid lines mark the time of each “snapshot”in the bottom row. Two-dimensional images of the height versus zonal distance distribution of UHF
echoes (bottom panels). The timestamp of each snapshot is indicated in the bottom right of each panel

Finally, the UHF echoing structure produced weaker ech-
oes in the eastern beams at 01:35 as it decayed vertically
and zonally. It can be determined unambiguously from
the sequence of 2D images that the event identified with
the vertical beams originated non-locally.

Rodrigues et al. (2023) used similar sequences of
2D images made with F-region mode observations to
describe the spatio-temporal dynamics (irregularity drift
direction, spacing between structures, etc.) of different
types of ESF measured on a single night. The present

study uses the 2D observations to investigate the occur-
rence of isolated post-midnight ESF events and identify
each event’s origin.

3.3 Local post-midnight ESF event

For completeness, Fig. 4 now presents a case of iso-
lated post-midnight ESF that was generated locally. The
RTI map generated with beam 5 measurements begin-
ning on 12 September 2021 is shown in the top panel
of Fig. 4. Measurements are shown from 23:00 LT on 12
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~ 400
E o
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‘g 300
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Fig. 4 Beam 5 range-time-intensity map for AMISR-14 observations beginning on 12 September 2021 (top panel). The white dashed line indicates
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September to 06:00 LT on 13 September. The first~5 h
of observations shown do not display UHF echoes asso-
ciated with ESE. After ~04:30 LT, isolated weak and dif-
fuse echoes with a vertical development of ~50 km were
measured.

The detection of weak echoes in the post-midnight sec-
tor has been interpreted in previous studies as a signa-
ture of F-region irregularities that formed far from the
radar site long before the time of observation, which are
referred to as “fossil” ESF (e.g., Sekar et al. 2007; Rodri-
gues et al. 2019). An analysis based solely on the RTI map
in Fig. 4, which resembles observations with traditional
radar experiments, could describe the isolated post-mid-
night ESF event as an example of “fossil” ESE. In such an
evaluation, the event would be labeled as non-local.

The sequence of 2D images between 04:24 LT and
05:34 LT shown in the bottom panels of Fig. 4 reveals the
isolated post-midnight ESF event generated locally. At
04:24 LT, moderate UHF echoes that extended ~50 km
in altitude were first measured ~100 km to the west of
the JRO in beam 3. Irregularities causing echoes to the
west of the JRO grew vertically and horizontally and
were measured in beam 5 at later times. The relatively
weak echoes in beam 5 can be explained by the fact that
the irregularities did not enter the main direction of the
beam. Another region of irregularities produced weak
vertically developed UHF echoes~100 km to the east
from ~04:45 LT to~05:15 LT. By 05:34 LT, the echoing
structure to the east had decayed, and only weak echoes
associated with the echoing structure to the west were
visible in the AMISR-14 FOV. The first 2D image in the
sequence in Fig. 4 shows unambiguously that the event,
despite expectations for “fossil” ESF, was in fact local.

Local ESF events typically show, initially, as thin scat-
tering layers that develop vertically as time progresses.
They also tend to move in the eastward direction. In
some cases, however, like the example shown in Fig. 4,
the ESF structure does not show a clear zonal motion. In
very few cases, westward motion is observed. The non-
local events tend to move in the eastward direction. In
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some cases, they develop vertically while moving zonally.
In other cases, the maximum altitude of the ESF struc-
tures decreases as they traverse the radar FOV and, in
some cases, they completely disappear (decay) before
reaching the other side of the radar FOV.

4 Results and discussion

We now present and discuss results of our analyses of
approximately 2 years of 2D images of AMISR-14 obser-
vations with emphasis on determining the occurrence
rates of local and non-local post-midnight events.

Table 3 summarizes the distribution of observations
throughout the ~ 2-year period of analysis for this study.
It shows the number of observations available for each
season and each year between June solstice 2021 and
June solstice 2023. The bounds of each season were
set to+45 days from 21 March, June, September, and
December, respectively. Please note that in order to
include two events identified in measurements that began
during the evening of 6 August in our analysis, the right
bound of each June solstice was adjusted to be +46 days
from 21 June. Table 3 also indicates the number of obser-
vations made during geomagnetic quiet conditions (val-
ues in parentheses). In general, 40 or more observations
are available each season. The exceptions are June solstice
2021 and June solstice 2022 when 18 and 24 observations
were available, respectively.

Before discussing our results, we must describe how
we chose to distinguish between observations performed
under geomagnetically disturbed and quiet conditions.
The 3-h geomagnetic Planetary K (Kp) index values dur-
ing and twelve hours before each observation had to be
less than 3 for an observation to be considered quiet.
More specifically, quiet observations were those for
which the five Kp indices overlapping the observation
period, 16:00 LT to 07:00 LT (21:00 UT to 12:00 UT),
and the four previous Kp indices, 04:00 LT to 16:00 LT
(09:00 UT to 21:00 UT), did not exceed 2.67. All 9 Kp
indices were considered in order to identify isolated post-
midnight ESF events potentially affected by geomagnetic

Table 3 Number of observations analyzed and number of local/non-local isolated post-midnight equatorial spread F events
organized by year and season. Values for geomagnetically quiet time are indicated in parentheses

2021 2022 2023
Season No. of No. of No.of non-  No. of No. of No.of non-  No. of No. of No. of
observations  local local events observations local local events observations local non-local
events events events events
Mar.equi - - - 56 (20) 4(1) 2(0) 40(11) 0(0) 1(0)
June sols 18 (11) 2(1) 4(2) 24 (14) 3(1) 2(1) 40 (14) 1(0) 2(0)
Sep.equi 43 (30) 5() 3(1) 65 (21) 3(1) 3(0) - - -
Dec. sols 51(27) 6(3) 4(3) 59 (24) 3(2) 3(2) - - -
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activity. ESF is known to be affected by geomagnetic
activity through penetration electric fields (Kikuchi et al.
1978; Senior and Blanc 1984), storm-time equatorward
neutral winds, and/or disturbed dynamo electric fields
(Blanc and Richmond 1980; Scherliess and Fejer 1997;
Hysell and Burcham 2002; Balan et al. 2018).

Table 3 also shows, for each season, the results of our
analyses of post-midnight event origin. It lists the num-
ber of local and non-local events identified in the 2D
AMISR-14 observations. In the following sections, we
will examine the results of our analyses in terms of occur-
rence rate and variation with solar flux and season.

4.1 Local vs. non-local events: variations with solar flux
Here, we discuss changes in the occurrence rate of iso-
lated post-midnight ESF events attributed to solar flux
activity throughout the two years of AMISR-14 F-region
mode observations considered for analysis.

Table 4 summarizes the observed occurrence rates of
isolated post-midnight events according to year. Rates are
computed as the number of events over the total number
of observations for each analyzed period. We reiterate
that observations were made during the ascending phase
of solar cycle 25. The mean solar flux (F10.7) indices with
standard deviation for the periods under which obser-
vations were made are indicated in Table 4. Mean solar
flux conditions increased from 88.1 SFU (85.2 SFU) for
the period of interest in 2021 to 165.4 SFU (165.7 SFU) in
2023 (1 SEU=10"22 W m~2 Hz ™).

Table 4 shows that yearly isolated post-midnight ESF
event occurrence rates in the seasons analyzed for 2021
were greater than those for 2022 and 2023. Both local
and non-local events occurred at approximately half
their respective rates in 2022 compared to 2021. In 2023,
events occurred significantly less, with four events cap-
tured in 80 days of observations. All occurrence rates
were reduced when only geomagnetically quiet observa-
tions were considered. We also point out that all events
observed in 2023 were detected during a period classified
as geomagnetically disturbed.

The decrease in the yearly isolated post-midnight
ESF event occurrence rates is well associated with the
increase in solar flux as the ascending phase of solar cycle
25 progressed from June solstice 2021 to June solstice
2023. The decrease is apparent for both geomagnetically
quiet and disturbed conditions. This is in agreement with
previous radar studies of ESF variations with changes
in solar flux (Hysell and Burcham 2002; Smith et al
2016; Zhan et al. 2018). For instance, Zhan et al. (2018)
analyzed long-term VHF coherent backscatter radar
measurements made by the JULIA mode of the Jicama-
rca radar and showed that the occurrence rate of post-
midnight echoes decreases with solar flux in all seasons.
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However, their analyses focused exclusively on observa-
tions made during geomagnetically quiet conditions.

The described effect of solar flux in Table 4 matches
expectations for changes with solar activity of iono-
spheric/thermospheric drivers of nighttime F-region
dynamics. As solar flux increases, the magnitude of
the downward drifts following the PRE becomes larger
(Smith et al. 2016). Stronger downward drifts during
higher solar flux conditions dampen ESF in the post-mid-
night sector (Fejer et al. 1999). The weak post-midnight
drifts during low solar flux also allow disturbance upward
drifts to more effectively create conditions favoring the
development of post-midnight ESF (Scherliess and Fejer
1997). Thermospheric neutral winds may also have an
effect on the stability of the equatorial F-region later in
the night that varies with solar flux. Fang et al. (2016) and
Zhan and Rodrigues (2018) used numerical simulations
to show the destabilizing effect of converging equator-
ward winds. They suggested the midnight temperature
maximum (MTM), which is linked to the convergence of
winds in both hemispheres toward the magnetic equa-
tor, can drive midnight/post-midnight upward drifts,
particularly when the post-PRE downward drifts are
weakened under low solar flux conditions. In brief, iono-
spheric drifts and thermospheric winds during low solar
flux conditions more readily facilitate the generation of
post-midnight ESF compared to periods of high solar flux
(Ajith et al. 2021).

We highlight one further finding from the results in
Table 4: there is not a clear predominance of occurrence
rate for either local or non-local events. This is perhaps
the most important finding of our study. The results
show, for the first time, that only half of the observed
post-midnight events over Jicamarca originated locally.
Therefore, only half the post-midnight events observed
over Jicamarca could be directly associated with local
background thermospheric and ionospheric conditions
(e.g., vertical drifts) in any attempts to explain instability
growth and irregularity development. This can explain
why data-driven numerical efforts using local measure-
ments failed to forecast late-night ESF events (e.g., Hysell
et al. 2018).

Table 3 also shows trends in the occurrence statistics
of isolated post-midnight ESF events that we attribute to
changes in season. We discuss these trends in terms of
seasonal occurrence rates in the following section.

4.2 Local vs. non-local events: season-dependent
occurrence rates

In this section, we address the extent to which the occur-

rence rate of isolated post-midnight ESF varies with

season. Reported seasonal occurrence rates are com-

puted as the number of events over the total number of
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observations in each season during either quiet or dis-
turbed geomagnetic conditions.

Table 5 shows the seasonal occurrence rates of local
and non-local post-midnight ESF events organized by
year. Values for geomagnetically quiet conditions are
listed in parentheses. The results in Table 5 show that
occurrence rates of isolated post-midnight ESF events
change with season.

When observations made during any geomagnetic
conditions are considered, the highest occurrence rates
of events were found for June solstice (33.3%, 20.8%, and
7.5% for 2021, 2022, and 2023, respectively). When exclu-
sively geomagnetic quiet events are considered, seasonal
occurrence rates reached maximum values during June
solstice in 2021 (27.3%) and December solstice in 2022
(16.6%). The occurrence rate in December 2022 is only
slightly higher than the occurrence in June 2022 (14.2%).
Additionally, we must point out that a reduced number
of observations were available for analysis in June sol-
stice 2021 and 2022 compared to other seasons. Seasonal
occurrence rates for each year were lowest during equi-
noxes under all geomagnetic conditions, with occurrence
rates for geomagnetically quiet time not exceeding ~10%.

The observed seasonal variation of ESF occurrence
rates corresponds well with seasonal variations in night-
time vertical plasma drifts measured above Jicamarca
(Scherliess and Fejer 1999). After the PRE peak, the verti-
cal drifts are typically downward during the remainder of
the night. These late nighttime downward drifts decrease
the linear growth rate of the GRT instability (Sultan 1996;
Basu 2002), dampening the evolution of electron density
irregularities later at night. Strong downward drifts dur-
ing nighttime thus significantly reduce the linear growth
rate and can decrease the occurrence rates of post-mid-
night ESFE. It has been shown that the magnitude of the
downward drifts over the Peruvian region is larger during
equinox than solstice (Smith et al. 2016). Additionally,
it has been found that weak downward drifts follow the
weakened or absent PRE in June solstice.

The variation in seasonal occurrence of isolated post-
midnight ESF events also agrees well with previous
studies that used different observational techniques. At
Jicamarca, noticeable occurrence rates of ESF have been
found in the post-midnight sector during solstices (e.g.,
Hysell and Burcham 2002; Zhan et al. 2018; Massoud
et al. 2024).

Smith et al. (2016) also used coherent scatter echoes
measured with the Jicamarca ISR to obtain post-mid-
night ESF occurrence rates. They found values as high as
70% during the December solstice. We point out that the
large power-aperture product of the Jicamarca ISR might
enable the detection of weak post-midnight ionospheric
irregularities that would not be captured by AMISR-14
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or other low-power (i.e., KW peak power) experiments,
such as the JULIA radar configuration. In addition, post-
midnight ESF in the December solstice often begins its
development in the post-sunset sector before persist-
ing through midnight (Zhan et al. 2018) and would be
removed from our analysis of only isolated events.

Here, we highlight that the results in Table 5 do not
indicate any significant seasonal variations for the origin
of isolated post-midnight ESFE. That is, the occurrence of
local events was not significantly greater than the occur-
rence of non-local events, and vice versa, for any season.
The greatest difference in a season between the occur-
rence rates of local and non-local events (11.1%) was
recorded in June solstice 2021. However, only two more
non-local events than local events were measured to
produce this difference. For all seasons in the analyzed
period, the difference in the number of both types of
events did not exceed 2.

Our results show AMISR-14 2D images can be used to
identify post-midnight ESF events that developed near
the site. We also showed, for different conditions of solar
flux and season, that approximately half the isolated post-
midnight ESF events detected by AMISR-14 developed
locally.

In the following section, we present a case study show-
ing the equatorial vertical drift conditions under which a
local isolated post-midnight ESF event developed.

4.3 On vertical plasma drifts preceding local
post-midnight ESF

As mentioned earlier, the analysis of 2D observations by
AMISR-14 was motivated by the fact that thermospheric
and/or ionospheric conditions measured at an obser-
vation site can only be adequately associated with ESF
events that developed locally, that is, near that site. Using
the ability of AMISR-14 to unambiguously identify ESF
event origin (e.g., Rodrigues et al. 2023), we showed that
half of the isolated post-midnight ESF captured in obser-
vations made between July 2021 and August 2023 devel-
oped locally.

Additionally, like previous studies, we found that post-
midnight ESF was observed with higher occurrence rates
during the June solstice and low solar flux conditions.
This could be explained by the impact of disturbance
upward drifts acting on the relatively weak background
drifts observed in the post-midnight sector during these
conditions. It has been suggested that these disturbance
drifts could be created by geomagnetic disturbances (e.g.,
Fejer 2011) or by polarization electric fields created by
sporadic E layers or medium-scale traveling ionospheric
disturbances (MSTIDs) during geomagnetic quiet condi-
tions (e.g., Yizengaw et al. 2013).
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In this section, we examine an example of ionospheric
vertical drift conditions preceding the development of a
local post-midnight ESF event measured by AMISR-14
on 1 June 2023. This case study was possible due to collo-
cated AMISR-14 and ISR measurements. While AMISR-
14 was making the 2D observations of ESF, concurrent
observations of vertical drifts were being made as part of
tests of a new medium power (MP) ISR mode.

The MP ISR uses two solid-state transmitters with a
combined peak power of ~200 kW. The new transmitters
can be operated with substantially less power and asso-
ciated costs than previous ISR experiments performed
using MW transmitters. MP ISR enables more frequent
ISR measurements of certain ionospheric state param-
eters than were previously possible.

Different versions of the mode have been implemented
to optimize the use of the new transmitters. For the pre-
sent case study, the experiment being tested used coded
(Barker 3) 45-km-long pulses to make measurements
of ionospheric drifts and coherent echoes at F-region
heights. The coded long pulses allow ISR measurements
around F-region peak heights despite the reduced power
(e.g., Kuyeng et al. 2023).

Figure 5 summarizes the post-midnight ESF event on
1 June 2023 and our analyses. Figure 5(a) shows the RTI
map for MP ISR measurements. The measurements were
made with a beam pointed nearly vertical, analogous to
traditional radar measurements. The RTI map shows
an ESF echoing layer confined to bottomside F-region
heights in the post-sunset sector on 31 May 2023. The
RTI map also shows an isolated post-midnight ESF event
starting at around 04:45 LT on 1 June. Overlaid on the
RTI map, we include the virtual height of the F-region
base (W'F) as observed with a collocated ionosonde.

The MP ISR measurements alone do not enable a deter-
mination of whether this post-midnight event developed
locally or drifted into the antenna beam from the east
or west. The 2D images provided by AMISR-14, how-
ever, allow us to identify the event as local. A sequence
of AMISR-14 images for an interval between 04:55 LT
and 05:25 LT is shown in Fig. 5(d). The images show weak
echoes starting around 04:55 LT. The echoes increase in
strength and expand in altitude as shown in the images
for 05:10 LT and 05:25 LT.

Figure 5(b) shows MP ISR vertical plasma drifts as a
function of altitude and LT. It shows that drift measure-
ments are not available where/when either ionospheric
densities are very low or incoherent scatter echoes are
obscured by much stronger coherent echoes of ESF
irregularities. To further ensure that drift measurements
were not affected by the combination of decreased den-
sities and strong coherent echoes, we removed from our
analysis drifts observed during and 10 min prior to the
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appearance of post-midnight ESF echoes in the RTI map
(Panel a). The period of measurements not used in the
analyses is represented by the white portion of Fig. 5(b)
from 04:35 LT to 05:45 LT.

Figure 5(c) shows vertical plasma drifts at three dif-
ferent F-region heights: 255 km, 285 km, and 315 km.
The curves show that the drifts do not vary much with
height throughout the region of interest. Also included
in Fig. 5(c) are estimates of the geomagnetic quiet time
F-region vertical drifts provided by the commonly used
Scherliess and Fejer (1999) empirical model (SF99).

The vertical drifts observed in the pre-midnight hours
of May 31 show a weak PRE followed by the occurrence
of what resembles a bottom-type layer. The SF99 model is
representative of average conditions and does not show a
distinguishable PRE peak. The PRE is known to have sig-
nificant day-to-day variability (Liu 2020). This deviation
between the mean drifts and SF99 output is discussed
further in Sect. 4.4.

The MP ISR vertical drifts also show downward drifts
with magnitude ~25 m/s after the PRE and throughout
most of the night. This is in good agreement with previ-
ous studies and our hypothesis of nighttime downward
drifts with substantial magnitudes during moderate and
high solar flux conditions (see Sect. 4.1). The SF99 model
shows drifts with magnitudes similar to the MP ISR mean
drifts between ~22:00 LT and 01:30 LT.

Figure 5(c) shows that the magnitude of the downward
drifts deviates significantly from the values provided
by SF99 after ~01:30 LT. Additionally, it shows that the
downward drifts begin to weaken around 03:30 LT and
turn upward by~04:30 LT, changing from~-35 m/s
to~10 m/s in approximately one hour. We emphasize
that the negative-to-positive transition seen in the drift
measurements occurred much quicker and earlier than
what is shown by the SF99 model, suggesting a contri-
bution from an external process. Perhaps more impor-
tantly, it is possible to identify that a significant change in
the drift conditions including unexpected upward drifts
preceded the appearance of the post-midnight plume in
panel (a).

To provide more information about the conditions
under which the post-midnight plume shown in panel (a)
of Fig. 5 was generated, we also analyzed the local time
variation of h'F measured by a collocated ionosonde.

The measurements show that the weakening in the
downward drifts, which started around 03:00 LT, was
followed by an increase in h’F. While h’F was initially at
a height of about 210 km, it increased to approximately
286 km at 04:28 LT, prior to the development of the post-
midnight ESFE. The apparent uplift corresponds well with
the weakening downward drifts starting around 03:30 LT
(Nicolls et al. 2006) and matches the behavior of previous
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Fig. 5 Range-time-intensity map of coherent echoes measured by the MP ISR between 18:00 LT on 31 May and 07:00 LT on 1 June 2023 (panel
a). Local midnight is indicated by the dashed magenta line. The variation of the virtual height of the F-region—h'F (magenta circles) measured
by a collocated ionosonde is also shown. Panels (b) and (c) show the vertical plasma drift measurements available for analysis and vertical drift
curves for three heights: 255 km, 285 km, and 315 km. Panel (c) includes SF99 estimates of the vertical drifts (red curve). Sequence of AMISR-14
two-dimensional images generated from 10 beam measurements on the same night (panel d)

h’F observations prior to the June solstice post-midnight
ESF (Zhan et al. 2018).

The development of ESF is commonly attributed
to the GRT instability (Basu 2002). The upward drifts
affect the GRT growth rate both directly and indi-
rectly. They contribute directly to the linear growth rate
through the E/B term. They can also contribute indi-
rectly by lifting the F-region to higher altitudes where
the ion-neutral collision frequency (v ;,) decreases. As
a result, the GRT linear instability growth rate will also
have contributions from the gravitational term (g/v
). While the contribution of the gravitational term

can be expected to be more effective during low solar
flux conditions (Joshi et al. 2012), it can also contrib-
ute during the moderate-to-high solar flux conditions
(F10.7=168.5 SFU) under which the observations of
May 31-June 1, 2023, were made (Fig. 5).

Additionally, the increased h'F values observed before
and after the detection of the plume confirm conditions
favoring the generation of ESF in the post-midnight
sector. Additionally, it confirms that the echoes were
not the result of irregularities developing within a “fos-
sil” large-scale ESF structure (e.g., Sekar et al. 2007).
Finally, the h’F observations reinforce the finding from
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the 2D images in Fig. 5(d) that the post-midnight plume
on 1 June 2023 was generated locally.

We must mention that while upward drifts are often
cited as the most important parameter (Huang, 2008;
Stolle et al. 2008; Kil et al. 2009), other factors (e.g., iono-
spheric scale height, neutral winds) can also contribute to
the GRT linear growth rate and can make the magnitude
of the upward drifts less critical for the development of
ESF in the post-midnight sector. Additionally, non-local
quantities can also contribute to the growth rate (Sul-
tan 1996). For instance, the growth rate is expected to be
increased further through the 211; / (ZIE + 211,:) term of the
flux tube-integrated linear growth rate expression for the
GRT instability. EI]? and 215 are the flux tube-integrated
Pedersen conductivities at E- and F-region heights,
respectively. Reduced off-equator E-region Pedersen
conductivity late in the night could lower the threshold
magnitude of the vertical plasma drifts required for the
generation of ESF irregularities. This, perhaps, could
explain the lack of well-developed ESF structures in the
post-sunset sector of May 1, 2023 (Fig. 5) when the PRE
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drifts reached values that were similar to those seen prior
to the post-midnight ESF event.

Most importantly, the observations show the unequiv-
ocal occurrence of abnormal vertical drifts contributing
to conditions favoring the development of the observed
post-midnight ESF over Jicamarca.

For completeness, in the following section we describe
mechanisms through which the observed abnormal post-
midnight drifts may have developed.

4.4 On the observed post-midnight upward drifts
To provide context to the abnormal drifts observed
prior to post-midnight ESF development, we examined
the geomagnetic conditions and potential magneto-
sphere—ionosphere coupling processes that could have
contributed to the observed behavior. For this purpose,
the geomagnetic SYM-H, auroral electrojet (AE), and
Kp indices and interplanetary solar wind magnetic field
(IMF) z-component (Bz) parameter were used (King and
Papitashvili 2005; Matzka et al. 2021).

Figure 6 shows the variation of each index from 30 May
to 3 June 2023 so their behavior before, during, and after
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the post-midnight event on 1 June 2023 can be inspected.
The horizontal axis is presented in universal time (UT)
because the indices are global. For the longitudinal sector
of Jicamarca, LT ~ UT—5.

Figure 6 reveals a geomagnetic storm which began
around 20:00 UT on 31 May and ended roughly at 08:30
UT on 1 June 2023. Values in Fig. 6 for 30 May to the
earlier hours of 31 May and 2 to 3 June 2023 represent
the time preceding the onset and including the recovery
phase, respectively. The start and end time of the storm
are determined from the SYM-H values in panel (b).
SYM-H reached a minimum value of approximately -55
nT. It can then be concluded that the storm was a mod-
erate intensity one (Gonzalez et al. 1994; Collado-Vil-
laverde et al. 2024).

Panel (c) of Fig. 5 shows deviations between the verti-
cal plasma drift curves and the predicted values obtained
with the SF99 empirical model. We emphasize and
describe below the deviations for three periods during
observations on the night of 31 May to 1 June 2023.

First, the mean vertical plasma drifts were more
upward (i.e., positive or less negative) than SF99 out-
put values between 19:15LT (00:15 UT) and 22:15 LT
(03:15 UT). Later at around 01:30 LT (06:30 UT), the
mean drifts were more downward (i.e., more negative)
than values predicted by SF99. Finally, after~03:30 LT
(~08:30 UT), the mean drifts again turned more upward
than those from SF99. The two upward drift deviations
at~19:15 LT and ~03:30 LT were both followed by the
measurement of coherent echoes associated with ESF.

The first upward deviation in the mean drifts occurred
in the early night — 19:15 LT (00:15 UT) — and coin-
cided with the main phase of a moderate geomagnetic
storm. The first IMF Bz southward turning during a time
of more negative SYM-H occurred around 23:00 UT. A
steep increase in the auroral activity as described by the
AE index (~800 nT) was seen around 20:00 UT shortly
followed by the geomagnetic activity as measured by
the Kp reaching its largest value (3.67) around 00:00 UT.
This synchronized development of auroral activity and
upward drifts over the equatorial region suggests the
contribution of eastward prompt penetration electric
fields (PPEFs) (Fejer and Navarro 2022; Fejer et al 2024).

The second noticeable deviation occurred at~01:30
LT (06:30 UT) and was predominantly downward. This
deviation coincided with a second southward turn-
ing of the interplanetary Bz component which endured
until ~08:00 UT. Again, PPEFs likely contributed to the
deviation. However, since the electric fields penetrated
to the equatorial region over Jicamarca after midnight
LT, they had the opposite polarity (westward) of those in
the early nighttime (Abdu 2012; Fejer et al. 2021). These
westward PPEFs therefore contributed to downward
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equatorial vertical plasma drifts. Additionally, the down-
ward deviation occurred~6 h after Kp first reached its
maximum value. Consequently, unlike the first upward
deviation discussed above, the disturbance dynamo
related to the first Kp peak had sufficient time to set up
and influence the equatorial F-region dynamics. In the
post-midnight sector, disturbance dynamo vertical drifts
are upward (Navarro et al. 2019). Since the net mean
drifts were more downward than the SF99 values and
the geomagnetic storm was only moderate, we suggest
the disturbance dynamo influence was superseded by the
contribution from the PPEF related to the southward Bz
turning.

The third most noticeable deviation occurred at ~ 03:30
LT (08:30 UT) and involved a rise of the mean drift. We
identify a northward turning of the interplanetary Bz
around ~07:50 UT (02:50 LT) that may have led to an
overshielding electric field. This overshielding electric
field contribution would have the same polarity as that
from the disturbance dynamo discussed in the last para-
graph, and their combined influence would lead to an
enhanced upward drift.

We highlight that both upward deviations of the mean
drifts preceded ESF echoes. Therefore, the vertical drift
results in Fig. 5 show that during the June solstice, even
under elevated solar flux (daily F10.7=168.5 SFU) condi-
tions, the development of local post-midnight ESF events
does not require strong geomagnetic disturbances.
Instead, post-midnight ESF can develop locally if even
mild geomagnetic activity contributions are present. The
results reinforce the role of the upward drifts in fostering
the development of post-midnight ESF.

5 Conclusions

In this study, we analyzed 396 nights of AMISR-14
F-region mode observations made between July 2021
and August 2023 to identify isolated post-midnight ESF
events (i.e., those with onset after 00:00 LT) and deter-
mine the occurrence rates of both locally and non-
locally generated ESF events with changing geomagnetic,
seasonal, and solar flux conditions. In order to do so,
we used the AMISR-14 radar system in the 10-beam
F-region mode to observe a wide (~400 km) zonal por-
tion of the equatorial ionosphere.

Our long-term study indicates that the occurrence
rates of post-midnight ESF generation are strongly
dependent on season, with larger (lesser) occurrences
in June solstice (equinox). We suggest this seasonal vari-
ation is related to the nighttime vertical plasma drifts
over Jicamarca, since stronger late nighttime downward
drifts during equinox are expected to dampen the growth
of post-midnight ESF (Scherliess and Fejer 1999; Smith
etal. 2016).
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Our study also demonstrates the influence of solar flux
conditions on the occurrence rates of isolated post-mid-
night ESE. As the yearly average solar flux increased, the
occurrence rates decreased drastically. For example, an
increase of ~40 SFU from 2021 to 2022 reduced yearly
isolated post-midnight ESF occurrence rates by half. The
variation in the occurrence rates attributed to solar flux is
related to the expected behavior of vertical plasma drifts
and meridional thermospheric neutral winds during low
solar flux conditions (Fejer et al. 1999; Fesen 1996; Niran-
jan et al. 2003; Ajith et al. 2021).

As for the geomagnetic activity influence, all occur-
rence rates were lowered when only geomagnetically
quiet measurements were considered. This result sug-
gests the important role of geomagnetic activity in
the development of post-midnight ESF locally over
Jicamarca.

The case study using collocated AMISR-14 and MP
ISR observations showed, unequivocally, the role of ver-
tical drifts in the development of post-midnight ESE.
In addition to affecting the GRT linear growth directly
through the E/B term, the vertical drifts also affect the
growth rate indirectly through the g/v ;, term. We pro-
pose that the relatively weak background post-midnight
vertical drifts that have been often observed during cer-
tain conditions (e.g., June solstice) can be weakened even
more and reversed due to effects of disturbance upward
drifts. In this case, observations indicate that even a
modest geomagnetic storm can produce upward drifts at
the magnetic equator and create conditions favoring the
development of the GRT instability in the post-midnight
sector.

Perhaps most importantly, the assessment of the local
and non-local generation of isolated post-midnight ESF
events revealed very similar occurrence rates for all geo-
magnetic, seasonal, and solar flux conditions. This result
from long-term ESF echo analysis shows that isolated
post-midnight ESF measured directly above the JRO in
any season under any solar flux and geomagnetic con-
ditions has an approximately 50/50 chance of having
been generated non-locally or locally. This finding may
aid understanding as to why efforts to forecast ESF with
data-driven numerical models (e.g., Hysell et al. 2014)
sometimes are not well-suited to explain late nighttime
ESF occurrence over Jicamarca. These ESF events could
have been generated to the west of Jicamarca where con-
ditions (e.g., drifts) differ from those at the site and con-
tribute more favorably to the ESF development. The ESF
event would then drift zonally into the Jicamarca FOV,
being observed later at night.
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