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Abstract The postsunset vortex in the equatorial ionosphere exhibits clockwise plasma motions after
sunset in longitude (time) and altitude coordinates when the equatorial ionosphere is viewed looking
northward. We describe the typical morphology of the postsunset vortex using incoherent scatter radar
observations at Jicamarca in Peru during the previous solar maximum (2000–2002). A pronounced vortical
plasma motion appears around 1700 LT along with the onset of the prereversal enhancement (PRE). The
center of this vortex is located near an altitude of 270 km. A smaller-scale vortex also appears about 0.5 ~ 1 h
later at higher altitudes. However, the morphology and occurrence time of this small vortex depend on the
characteristics of the coherent backscatter region. We find that the earlier vortex is the major feature of the
postsunset vortices because it is repeatable, associated with the PRE, and independent to the occurrence of the
coherent backscatter region.

1. Introduction

The zonal plasma drift in the equatorial ionosphere shows a diurnal variation. Typically, the plasma drift is
westward during the day and eastward at night on undisturbed days [Fejer et al., 1985, 1991]. Altitudinal
variation of the zonal plasma drift exists, however, and this variation is pronounced near sunset; the plasma
drift is westward below the F region, and it is eastward within the F region. Theoretical studies predicted the
creation of a vertical shear in the zonal plasma motion in terms of the neutral wind dynamo in the F region
[Farley et al., 1986; Haerendel et al., 1992; Rishbeth, 1971]. This idea was supported by numerical calculations
[Eccles, 1998; Heelis et al., 1974; Rodrigues et al., 2012]. The vertical shear in the zonal plasma motion,
combined with the prereversal enhancement of the upward plasma drift (PRE) [Fejer et al., 1979] forms a
clockwise vortex in the local time (LT) (or longitude) and altitude frame when the equatorial ionosphere is
viewed northward. This phenomenon is called the postsunset vortex. Supporting evidence of the
postsunset vortex was provided by the observations of the vertical shear in the zonal plasma motion
[Eccles et al., 1999; Kudeki et al., 1981; Tsunoda et al., 1981; Valenzuela et al., 1980] and of the vortices
around coherent backscatter regions in radar observations [Kudeki and Bhattacharyya, 1999]. As well as
providing a tool for investigating the neutral wind dynamo and the coupling of the E and F regions, this
phenomenon provides a clue for the onset conditions of equatorial spread F [Hysell and Kudeki, 2004;
Hysell et al., 2005; Kudeki et al., 2007]; the vertical shear in the zonal plasma motion associated with the
postsunset vortex triggers spread F.

Uncertainties in the morphology of the postsunset vortex still remain because of the lack of observations. To
our knowledge, Kudeki and Bhattacharyya [1999] (hereafter KB) is the only report that shows the full
morphology of the vortical plasma motion after sunset. In their incoherent scatter radar (ISR) observations at
Jicamarca Radio Observatory (JRO) (11.95°S, 76.87°W) in Peru, vortical plasma drifts develop around coherent
backscatter regions. However, the vortices reported by KB are not features that can easily be identifiable in
the ISR observations. Because plasma motions around the coherent backscatter region vary depending on
the properties of the coherent backscatter region, it is not yet clear whether the vortical plasma motions
observed around coherent backscatter regions represent the postsunset vortex predicted by theoretical
studies. In addition, the vortices reported by KB were observed during a solar minimum, at a time when the
PRE is typically the weakest. Although the postsunset vortex is expected to be pronounced during solar
maximum because of its connection with the PRE [Eccles et al., 1999], no study investigating the morphology
of the postsunset vortex using the ISR data obtained during a solar maximum period has yet been reported.
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In this study, we determine the representative morphology of the postsunset vortex from the ISR
observations at JRO during solar maximum (2000–2002). The observations on two days are presented to
show the variability of the plasma motions, especially in the coherent backscatter region. Then, the average
drift pattern is presented to show the representative morphology of the postsunset vortex. By comparing our
results with those in previous studies, we discuss the vortices in the incoherent (nonturbulent) and coherent
(turbulent) backscatter regions.

2. Results

A total of 30 days of ISR data were available during the postsunset period in 2000–2002. Among those
30 days, the coherent backscatter region in the F region failed to appear in only three of the days in the
sample period. Those three days are characterized by the occurrence of a weak PRE compared with that on
the other days. The plasma motions in the incoherent backscatter region show systematic and repeatable
drifts, whereas those in the coherent backscatter region are largely variable. Figure 1 presents typical ISR
observations on (a) 13 April 2000 and (b) 11 November 2002. The color bar shows the signal-to-noise ratio
(SNR) in the incoherent backscatter region. The coherent backscatter region is indicated by black. Green and
red arrows show westward and eastward plasma motions, respectively. The measurements of the F peak
height (hmF2) from the ionosonde at Jicamarca are shown by a blue line in Figure 1b. The hmF2 on 13 April
2000 is not shown in the figure because unrealistic values were recorded. The altitudes of peak SNR in the
incoherent backscatter region are close to hmF2. Both peak SNR and hmF2 show rising of the ionosphere
associated with the PRE. In both observations, the ionosphere may be divided into three regions: the
incoherent backscatter region; the coherent backscatter region above an altitude of 200 km; and the
coherent backscatter region below an altitude of 200 km. The ISR data are not available at the valley region
located between the E and F regions. The vertical velocities at the bottom of each plot are the average
velocities at the altitude range of 250 and 500 km in the incoherent backscatter region.

In Figure 1a, a vortical plasma motion is visible between 1700 and 1900 LT. At this time interval, the plasma
motion is westward below an altitude of 200 km and eastward above an altitude of 300 km. The westward
plasma motion weakens with increasing altitude. The upward plasma motion continues by 1900 LT. The
westward and eastward plasma motions combined with the upward plasma motion comprise a clockwise
vortex. The center of the vortex, even if westward plasma motions existed in the region (valley region) where
data are absent, is located below an altitude of 300 km. After 1900 LT, the eastward plasma motions in the
upper part of the vortex appear to be interrupted by the emergence of the coherent backscatter region.
Westward and eastward plasma motions coexist in the coherent backscatter region. A vortex-like plasma

Figure 1. Typical ISR observations on (a) 13 April 2000 and (b) 11 November 2002. The color bar shows the SNR in the
incoherent backscatter region. The coherent backscatter region is indicated by black. The measurements of the F peak
height (hmF2) from the ionosonde at Jicamarca are shown by a blue line (Figure 1b). Green and red arrows represent
westward and eastward plasma motions, respectively. The vertical velocities at the bottom of each plot are the average
velocities at the altitude range of 250 and 500 km in the incoherent backscatter region.
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motion is also visible just before the emergence of the coherent backscatter region (near 1845 LT). This vortex
can also be interpreted as the postsunset vortex, but our interpretation is that this vortex is not the main part
of the postsunset vortex. Presumably, it is a remnant of the postsunset vortex developed at earlier time or
associated with the emergence of the coherent backscatter region. The vortex observed in front of the
coherent backscatter region is a variable feature that depends on the properties of the coherent backscatter
region, whereas the vortex observed earlier is associated with the PRE and seen in most observations. For
these reasons, we think that the vortex observed at earlier time is the signature feature of the
postsunset vortex.

The plasma motions between 1700 and 1900 LT in Figure 1b are not as systematic as observed in Figure 1a.
However, the observations of the westward and eastward plasma motions at lower and higher altitudes,
respectively, are similar to those in Figure 1a. The occurrence of a weaker vortex in Figure 1b compared with
that in Figure 1a may be related to the occurrence of a weaker PRE on 11 November 2002. Strong and
systematic westward plasma motions exist in the coherent backscatter region. The combination of the
westward plasma motions in the coherent backscatter region with eastward plasmamotions above also makes
vortices. If themorphology of the postsunset vortex is estimated from the observations of the shear in the zonal
plasma motion without making a distinction between the incoherent and coherent backscatter regions, the
vortex center appears to be located at the upper bound of the coherent backscatter region. However, those
vortices, which resulted from the development of the coherent backscatter region, should be distinguished
from the vortex observed before 1900 LT. Because the strong westward plasma motions in the coherent
backscatter region appear at the end of the PRE, they are not interpreted as a part of the postsunset vortex.

The average pattern of plasma motions is derived using the observations when vertical backscatter plumes
(plasma bubbles) are absent or minor. There were a total of 11 days that satisfied that condition. Figure 2a
shows the average plasma drift pattern. The resolutions of LT and altitude are 5min and 15 km, respectively.
The average velocity in each bin was calculated with the data in both the coherent and incoherent
backscatter regions. To indicate the places where the coherent backscattering occurs, the SNR map was
produced with the coherent backscatter data. Because the coherent backscattering repeatedly occurs in the
region indicated by the SNR map, the velocities in that region represent the plasma motions in the turbulent
region. Westward and eastward plasma motions are distinguished by green and red arrows, respectively. The
vertical velocities in the top panel are the observations between an altitude of 250 and 500 km in the
incoherent backscatter region for the 11 days. The red line represents the average velocity. The vortical
plasma motions in the incoherent backscatter region before 1900 LT are similar to those observed in Figure 1
and may represent the postsunset vortex during solar maximum. The westward and eastward plasma
velocities in low and high altitudes, respectively, increase in accordance with the development of the PRE.
Although uncertainties exist because of the data gap, the center of the postsunset vortex is likely located
below an altitude of 300 km. The upper part of the postsunset vortex appears to be interrupted by the
emergence of the coherent backscatter region. The small zonal velocities inside the coherent backscatter
region, as we can see in Figure 2b, indicate the coexistence of westward and eastward plasma motions rather
than stationary plasmas.

The distribution of the zonal velocity is shown in Figure 2b. Each plot presents the data within ±5min
centered at the time given on the top of each plot. The observations in the coherent and incoherent
backscatter regions are distinguished by yellow and blue, respectively. At 1700 LT, a weak tendency of
westward motion in low altitudes and eastward motion in high altitudes exists. As time proceeds, the
increase of the westward and eastward velocities at low and high altitudes intensifies the vertical shear in the
zonal drift. At 1830 LT, the transition height of the zonal velocity fromwestward to eastward is around 270 km.
This height may represent the center of the postsunset vortex. Westward plasma motions start to appear
above the transition height after 1900 LT. Those westward motions are mostly from the coherent backscatter
region. Although the average zonal velocity is small in the turbulent region (see Figure 2a), the zonal velocity
shows a variation in broad range. As described above, the small average velocity in the turbulent region is
related to the averaging of this broad spectrum of the velocity. With the appearance of the westward
motions, a new shear is formed in the region where eastward plasma motions were dominant at an earlier
time. If we assess the morphology of the postsunset vortex from Figure 2b, the center of the vortex appears
to continuously rise reaching an altitude of nearly 400 km at 1930 LT. However, the plasma motions in the
coherent backscatter region should be distinguished from those in the incoherent backscatter region.
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3. Discussion

The observations of the vertical shear in the zonal plasma motion are considered as evidence of the
postsunset vortex, but the measurements of the shear alone provide limited information about the
morphology of the postsunset vortex because a shear naturally appears in association with turbulent motion.
Evidence for the existence of the vertical shear in the zonal plasma motion was provided by a chemical
release experiment [Valenzuela et al., 1980]. The result of this experiment shows the existence of westward
and eastward plasma motions below and above an altitude of 300 km, respectively, at 1900 LT. Because the
ionospheric conditions at the time of the experiment are unknown, we do not know whether the shear
represents the plasma motions in the nonturbulent region or turbulent region. Kudeki et al. [1981] and
Tsunoda et al. [1981] identified the existence of the shear using structures in the coherent backscatter region
(including vertical backscatter plumes produced by plasma bubbles). The assumption of this method is that
the structures in the coherent backscatter region are good tracers of the motion of the background
ionosphere. Those observations of the shear are often referred as the signature of the postsunset vortex.
However, we have to consider the shear related to the development of a turbulent region. For an example,
the rise of the irregularity structure inside a bubble can be associated with the growth of the bubble rather
than with the upward motion of the background ionosphere. As our observations in Figure 1 show, an
intense shear occurs at the boundary between the coherent and incoherent backscatter regions. This shear is

Figure 2. (a) Average plasma drift pattern over Jicamarca derived from the ISR observations of 11 days in 2000–2002
during which vertical backscatter plumes are absent or minor. The vertical velocities between an altitude of 250 and
500 km in the incoherent backscatter region and their average are shown with gray dots and a red line, respectively
(top). In the velocity map (bottom), green and red arrows represent westward and eastward plasma drift, respectively.
The coherent backscatter region where the number of the data in each bin is greater than 2 is indicated using the SNR.
(b) Distribution of all of the measurements of the zonal velocity. Yellow and blue dots indicate the observations in the
coherent and incoherent backscatter regions, respectively. Each plot presents the data within ±5min centered at the
time given on the top of each plot.
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related to the development of the coherent backscatter region, and its intensity and occurrence height and
time depend on the properties of the coherent backscatter region. Thus, this shear does not represent the
property of the postsunset vortex. In the observation of Kudeki et al. [1981], the transition height of the
westward and eastward plasma motions, which is interpreted as the center of the postsunset vortex, occurs
as high as 450 km at 2025 LT. The authors pointed out that this height is quite high compared with that
(210 km) derived from the model calculations [Heelis et al., 1974]. While the authors suggested the possibility
of using unrealistically low F region height in the model calculation, the other possibility is that the transition
height that they observed does not represent the center of the postsunset vortex. In our Figure 1b, the
transition height is also near 450 km at 2030 LT. However, this height is the boundary of the incoherent
backscatter (nonturbulent) and coherent backscatter (turbulent) regions rather than the center of the
postsunset vortex.

Eccles et al. [1999] investigated the postsunset vortex using the San Marco satellite data in the nonturbulent
region. However, the satellite observations were available mostly in the upper part of the postsunset
vortex. The ISR observations at JRO reported by KB have been considered representative of the
postsunset vortex. In their study (Plates 1 and 2), a vortical plasma motion appears near 1900 LT and its
center is located near an altitude of 300 km. For both events, the coherent backscatter layer developed
at the center of the vortex. Then, do those characteristics represent the postsunset vortex that the
theoretical and numerical calculations predicted?

The morphology of the postsunset vortex reported by KB is somewhat different from what we observed. In
our observations, a vortical plasma motion appears in accordance with the onset of the PRE (~1700 LT). We
think that this vortex represents the postsunset vortex. The reasons are because this vortex is directly
associated with the PRE and repeatable regardless of the development of the coherent backscatter region. Its
appearance is about an hour earlier than that in KB. Although our observations were made during solar
maximum when the PRE is intense, the height of the postsunset vortex center is lower than that reported by
KB (The observations in KB were made during a solar minimum when the PRE is very weak.). The most
significant difference between our and KB’s observations is the relationship between the postsunset vortex
and coherent backscatter region. In our observations, the coherent backscatter region appears in the upper
part of the postsunset vortex. In the observation of KB, however, the coherent backscatter region appears
near the center of the postsunset vortex.

The vortices reported by KB may be the best examples that show the vortical plasma motions around the
coherent backscatter region. In most observations, the vortex around the coherent backscatter region is a
weak feature. In our Figure 1a, we can identify a vortex-like plasma motion around the coherent backscatter
region just before 1900 LT. Similar behavior is also visible in Figure 2a. This type of vortex may be comparable
with the vortices reported by KB. If the coherent backscatter region does not develop, this type of vortex
does not appear. Because the properties of this type of vortex are dependent on the properties of the
coherent backscatter region, this vortex is not considered the main feature of the postsunset vortex. Radar
observations show that the plasmamotions in the coherent backscatter region are turbulent [e.g., Kil et al., 2014].
Because westward plasma motions exist in the coherent backscatter region, the development of the
coherent backscatter region interrupts the eastward motions of the background plasmas. We speculate
that the vortex-like plasmamotion in front of the coherent backscatter region is related to this interruption.

4. Conclusions

We have investigated the morphology of the postsunset vortex in the equatorial plasma motion using the
JRO ISR data acquired during solar maximum (2000–2002). A clockwise vortical plasma motion appears in
accordance with the onset of the PRE. Its center is located near an altitude of 270 km. A smaller-scale vortical
plasma motion also appears about 0.5 ~ 1 h later at higher altitudes. Considering the feature’s repeatability
and its independence of the coherent backscatter region, the former vortical plasma motion is interpreted as
the signature feature of the postsunset vortex. A strong vertical shear in the zonal plasmamotion exists at the
upper boundary of the coherent backscatter region. However, this shear is related to the turbulent plasma
motion in the coherent backscatter region rather than being associated with the postsunset vortex. This fact
should be taken into account when measurements of the zonal plasma motion shear are used in the
interpretation of the morphology of the postsunset vortex.
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