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Key Points:
Both eastward neutral wind and the equatorial electrojet (EEJ) are involved in the pre-reversal enhancement (PRE) mechanism, and
these two parameters could influence the PRE magnitude in a balanced manner.

●

A positive correlation between eastward neutral wind and PRE is deduced from the observation.●

The eastward neutral wind and the EEJ are independent of each other, and thus, these two parameters equivalently and
independently contribute to increasing the PRE amplitude.

●
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Abstract: Previous studies have proposed that both the thermospheric neutral wind and the equatorial electrojet (EEJ) near sunset play
important roles in the pre-reversal enhancement (PRE) mechanism. In this study, we have used observations made in the equatorial
region of Southeast Asia during March–April and September–October in 2010–2013 to investigate influences of the eastward neutral
wind and the EEJ on the PRE’s strength. Our analysis employs data collected by the Gravity Field and Steady-State Ocean Circulation
Explorer (GOCE) satellite to determine the zonal (east-west direction) neutral wind at an altitude of ~250 km (bottomside F region) at
longitudes of 90°–130°E in the dusk sector. Three ionosondes, at Chumphon (dip lat.: 3.0°N) in Thailand, at Bac Lieu (dip lat.: 1.7°N) in
Vietnam, and at Cebu (dip lat.: 3.0°N) in Philippines, provided the data we have used to derive the PRE strength. Data from two
magnetometers — at Phuket (dip lat.: 0.1°S) in Thailand and at Kototabang (dip lat.: 10.3°S) in Indonesia — were used to estimate the EEJ
strength. Our study is focused particularly on days with magnetically quiet conditions. We have found that the eastward neutral wind and
the EEJ are both closely correlated with the PRE; their cross-correlation coefficients with it are, respectively, 0.42 and 0.47. Their
relationship with each other is weaker: the cross-correlation coefficient between the eastward neutral wind and the EEJ is just 0.26. Our
findings suggest that both the eastward neutral wind and the EEJ near sunset are involved in the PRE mechanism. Based on the weak
relationship between these two parameters, however, they appear to be significantly independent of each other. Thus, the wind and the
EEJ are likely to be influencing the PRE magnitude independently, their effects balancing each other.

Keywords: equatorial ionosphere; thermosphere-ionosphere couple; pre-reversal enhancement; thermospheric neutral wind; equatorial
electrojet

 
 

1.  Introduction
In the  sunset  equatorial  ionosphere  F  region,  the  eastward  elec-

tric  field  is  enhanced  before  the  electric  field  turns  westward  for

the  rest  of  the  night.  This  enhancement  of  the  eastward  electric

field  in  the  evening  equatorial  ionosphere  is  widely  termed  the
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pre-reversal enhancement (PRE) phenomenon (Fejer, 1997). A ma-
jor  motivation  in  studying  the  PRE  mechanism  is  that  the  PRE  is
one of the crucial factors in generating equatorial plasma bubbles
(EPBs); EPBs  can cause serious  problems in  the technologies  em-
ploying  trans-ionospheric  radiowave  propagation,  such  as  the
GHz frequency radiowaves used in the Global Navigation Satellite
System (GNSS). EPBs are localized depletions of the plasma dens-
ity in  the  nighttime  equatorial  and  low-latitude  ionosphere  F  re-
gions.  The  irregularities  (plasma  density  fluctuations)  inside  an
EPB, with a spatial scale of hundreds of meters, can cause scintilla-
tion  on  GHz  radio  frequencies  (Wernik  and  Liu  CH,  1974). In  ex-
treme  cases,  strong  scintillations  due  to  the  strong  amplitude  of
these plasma irregularities can result in the strong fading of radio
waves; sometimes  the  disruption  is  great  enough  that  GNSS  sig-
nals cannot be tracked (loss-of-lock) (Seo et al., 2009). At the mag-
netic equator, a PRE-causing upward E × B plasma drift lifts the F-
region plasma  to  higher  altitudes  where  the  Rayleigh–Taylor  in-
stability,  which  causes  the  EPB,  grows  rapidly  (Kelley,  2009).
Stronger PREs result in a higher probability that an EPB will occur
(Huang CS and Hairston, 2015; Huang CS, 2018; Abadi et al., 2020).
Therefore, studying the variability of the PRE phenomenon can as-
sist understanding of the probability of EPB occurrence.

The  PRE’s  dependencies  on  solar  activity,  geomagnetic  activity,
season,  and  longitude  are  well-known  (Fejer  et  al.,  1999).
However,  daily  variations  of  the  PRE  magnitude  remain  poorly
documented.  The  published  literature  (e.g., Eccles  et  al.,  2015)
suggests  that  both  eastward  neutral  winds  in  the  thermosphere
and the  eastward  current  associated  with  the  equatorial  electro-
jet (EEJ) in the evening sector are involved in the PRE mechanism.
However, to investigate which parameter controls the day-to-day
variability  of  the  PRE  magnitude,  previous  studies  examined
whether  wind  and  EEJ  influences  could  combine  in  a  balanced
manner or whether one of them predominates. Based on observa-
tions  in  November  2004  of  a  reversed  PRE  (downward  vertical
plasma drift)  and counter  electrojet  in  the  equatorial  ionosphere
over Jicamarca, Peru, in association with the occurrence of a mag-
netic storm, Kelley et al. (2009) implied that the normal PRE, which
causes  upward  vertical  plasma  drift,  is  likely  to  be  controlled
primarily by the EEJ current; they concluded that the influence of
the wind is probably a secondary factor. By using numerical simu-
lation, Eccles et al.  (2015) reported that the influence of the east-
ward wind on the PRE mechanism through the F region dynamo
process could  be  the  dominant  factor  in  determining  PRE  mag-
nitude  when  the  solar  terminator  and  magnetic  meridian  are
aligned. However,  by  employing  the  Ground-to-topside  Atmo-
sphere and Ionosphere for  Aeronomy (GAIA)  model, Ghosh et  al.
(2020) reported different results,  concluding that in equinox sea-
son,  in  Southeast  Asian  longitudes  where  solar  terminator  and
magnetic  meridian  are  aligned,  both  the  eastward  wind  and  the
EEJ have significant influence in determining the day-to-day vari-
ations of the PRE magnitude. Thus we have sought to use obser-
vational  evidence  to  address  the  open  question:  Does  either  the
eastward  wind  or  the  EEJ  dominant  in  controlling  the  amplitude
of  the  PRE  on  a  daily  basis?  Or  are  both  parameters  important
drivers of those amplitudes?

In this study, we have thus focused on the relationships between

the eastward neutral  wind and the PRE magnitude,  between the
EEJ and the PRE magnitude,  and also between the two paramet-
ers themselves — the wind and the EEJ.

It  was crucial  that observations of the wind, the EEJ,  and the PRE
be simultaneous.  To understand the role of  the eastward neutral
wind  we  needed  to  capture  the  activities  of  the  thermospheric
neutral wind and the ionosphere. Since the PRE is a phenomenon
observed  at  fixed  local  time  (an  evening  phenomenon),  we
sought observations of the neutral wind in the evening equatori-
al  bottomside  F  region.  Recently,  the  sun-synchronous  Gravity
Field and Steady-State Ocean Circulation Explorer (GOCE) satellite
has flown in a meridional direction at an altitude of ~250 km and
has  measured  zonal  (east-west  direction)  neutral  wind  using  an
accelerometer.  GOCE wind data thus allowed us to observe, with
less  local  time  variation  than  other  potential  data  sources,  the
zonal neutral wind near sunset in the bottomside F region with a
high  spatial  resolution  —  approximately  77.5  km  (Liu  HX  et  al.,
2016; 2017). For measurement of the EEJ, data from two magneto-
meters, one situated at the equator and the other situated in the
off-equator, were used to derive the EEJ strength, by methods re-
ported in  previous  studies  (e.g., Dabas  et  al.,  2003; Tulasi  Ram et
al.,  2007; Uemoto  et  al.,  2010).  In  this  study,  we  thus  are  able  to
present  simultaneous  observations  of  the  thermospheric  neutral
wind data,  the  EEJ  strength,  and  the  PRE  magnitude  to  investig-
ate statistically the roles of the zonal wind and the EEJ on the PRE
magnitude in  equinox  seasons  (March–April  and September–Oc-
tober). 

2.  Observations
This study utilizes virtual height (h'F) data from ionosondes, ther-
mospheric  neutral  wind  data  by  in-situ  measurement  from  the
GOCE satellite,  and  EEJ  strength  estimated  by  two  magnetomet-
ers,  one  magnetometer  situated  in  the  equator  and  the  other  in
the off-equator. In particular, this study focuses on data collected
in  the  Southeast  Asian  longitude  sector  during  March,  April,
September, and October of 2010 to 2013, when the solar termin-
ator  and  magnetic  meridian  were  approximately  aligned  in  the
Southeast Asian sector. Furthermore, we have deliberately restric-
ted  our  analysis  to  data  collected  during  magnetically  quiet
times — days when the maximum value of the Kp index was less
than  3  in  the  interval  0–12  UT  (around  7–19  local  time/LT  in  the
west of Southeast Asia).

The  three  ionosondes  chosen  for  this  study  are  installed  at
Chumphon (CPN; 99.4°E, 10.7°N, dip latitude: 3.0°N) in Thailand, at
Bac Lieu (BCL; 105.7°E, 9.3°N, dip latitude: 1.5°N) in Vietnam, and at
Cebu (CEB; 123.91°E, 10.4°N, dip latitude: 3.0°N) in the Philippines.
Geographically, all  three are located at roughly the same latitude
but the longitudinal distances CPN-BCL and BCL-CEB are, respect-
ively,  ~7°  and  ~18°.  These  ionosondes  are  part  of  the  Southeast
Asia Low-latitude Ionospheric Network (SEALION) project (for de-
tails, see Maruyama et al., 2007). We employ data from these iono-
sondes to estimate the velocity of upward plasma drift  near sun-
set,  as  a  proxy  for  PRE  magnitude.  The  ionosonde  observations
normally  take  place  at  a  frequency  sweep  rate  of  100  kHz/s
between  2  MHz  and  30  MHz  with  transmitting  power  of  20  W.
Therefore, complete  transmitting  and  receiving  of  each  observa-
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tion session takes 4 minutes and 40 seconds;  the time resolution
for  recording  each  ionogram  is  thus  5  min.  Specifications  of  the
SEALION ionosonde have been reported by Nozaki (2009).

We  calculate  the  time  derivative  of h'F  at  3  MHz  (dh'F/dt)  from
18:30 to 19:00 LT from the ionosondes to estimate the PRE mag-
nitude.  Note that “LT” in each ionosonde observation is  the local
time at the longitude of that ionosonde. In this study, we take in-
to  account  some  considerations  in  using  the h'F variation  for  es-
timating the PRE strength. We calculate dh'F/dt only when the h'F
values  are  higher  than  300  km,  to  minimize  the  influence  of  the
recombination process on the vertical motion of the plasma in the
ionosphere F region (Bittencourt and Abdu, 1981). We exclude h'F
data  from  times  when  equatorial  spread-F  (ESF)  appears  in  the
ionogram,  because  an  ESF  occurrence  indicates  the  existence  of
ionospheric  irregularities  in  the  nighttime  F  region  ionosphere.
(When  an  ESF  appears  in  an  ionogram,  the h'F  is  hardly  scaled;
thus, we could not determine the h'F in such instances.) We note
that  ESF occurrences usually  appeared after  19 LT.  Therefore,  we
select the time derivative of h'F data in the interval of 18:30–19:00
LT at altitudes higher than 300 km to obtain the upward velocity
of the equatorial bottomside F region as a proxy for PRE strength.

In  this  study,  we  deliberately  used  data  from  three  ionosondes
(CPN, BCL, and CEB) to allow our estimation of PRE strength to be
as accurate as possible. As aforementioned, we derive vertical drift
velocity of bottomside F region from the ionosonde as a proxy for
the PRE  strength.  When  the  vertical  drift  velocities  could  be  de-
rived  from  two  or  three  ionosondes  on  a  certain  night,  we  have
taken  their  average  value  as  the  PRE  strength  representation  on
such  a  night.  When  the  vertical  drift  velocity  could  be  derived
from  just  a  single  ionosonde,  we  have  been  constrained  to  take
this single  vertical  drift  velocity  as  the  PRE  strength  representa-
tion. To illustrate our method of employing ionosonde data to es-
timate  PRE  strength, Figure  1 displays  the  variations  of h'F  at
3 MHz from 17:00 to 20:00 LT on 5 March 2011, obtained from the
CPN (red  curve),  BCL  (blue  curve),  and  CEB  (black  curve)  iono-
sondes. The h'F enhancement can be seen to begin at roughly the
time of  sunset.  Furthermore,  an ESF appears  after  19:00 LT  (cyan
colors); so the time derivations of h'F from 18:30 to 19:00 LT, when
the h'F values are higher than 300 km and before the appearance
of the ESF, are employed to represent vertical upward drifts asso-
ciated with the PRE. The values of PRE strength on 5 March 2011
are thus estimated as 30, 34, and 37 m/s, respectively, from iono-
sondes CPN, BCL, and CEB. We take their average, ~34 m/s, as the
PRE strength on 5 March 2011.

Our  data  characterizing  the  zonal  neutral  wind  are  derived  from
in-situ measurements made aboard the GOCE satellite. The GOCE
satellite is a sun-synchronous satellite that orbits at an inclination
of  ~97°  and  moves  with  a  speed  of  ~7.7  km/s  at  an  altitude  of
~250  km,  flying  in  the  dusk-dawn  meridional  plane  (approxim-
ately  7  and  19  LT)  (Liu  HX  et  al.,  2016, 2017).  This  satellite  thus
measures  the  zonal  wind  at  a  certain  longitude  always  in  the
dusk-dawn sector and within a narrow window of local time. This
is a merit of this study. We were able in this way to examine how
the neutral  wind  influenced  day-to-day  variations  in  PRE  mag-
nitude at a nearly fixed local time in the evening sector. The neut-
ral wind  data  from  the  GOCE  satellite  were  recorded  by  its  on-

board  accelerometer,  which  measures  the  total  cross-track  wind

from the total acceleration (the summation of the inertial velocit-

ies  of  the spacecraft,  the corotating atmosphere,  and the neutral

wind) (Doornbos et al., 2010).

The present  study  uses  zonal  neutral  wind  data  collected  at  ap-

proximately  18–19  hours  Local  Solar  Time  (LST)  during

March−April  and  September–October  from  2010  to  2013,  when

GOCE  satellite  paths  were  in  the  longitude  range  of  90°−130°E

and  latitudes  from  5°N  to  15°N  (magnetic  latitudes  between  5°S

and 5°N).  Within  that  data  set,  we  have  limited  our  analysis  spe-

cifically  to  data  collected  by  the  GOCE  satellite  simultaneously

with  the  ionosonde  observations  of  PRE  strength.  Furthermore,

within each observation day’s data, we calculate the average zon-

al wind velocity from data collected at geographic longitude and

latitude intervals of 90°−130°E and 5°N–15°N, respectively, and in

the  time  interval  of  18–19  LST.  We  exclude  data  from  days  on

which the zonal wind velocity’s standard deviation exceeded 10%,

in order to minimize not only the measurement error but also the

effects of latitudinal and temporal wind variations.

Figure 2 presents an example of the wind data along the satellite

track over Southeast Asia on a representative day,  5 March 2011.

The GOCE satellite measures the zonal wind around the magnetic

equator.  The  path  of  the  satellite  on  that  day  at  an  altitude  of

~250 km (indicated by black dots) is plotted on the geographical

coordinate map in Figure 2a; the blue line indicates the magnetic

equator  in  the  Southeast  Asian  longitude  sector.  The  zonal  wind

velocities  at  all  satellite  paths  in Figure  2a are  displayed  in

Figure  2b,  which  presents  the  velocities  recorded  in  the  narrow

local  time interval  of  18.4–18.5  LST;  note  that  all  velocities  are  in

the interval of 110–130 m/s; the average velocity is ~122 m/s, with

standard deviation of ~4.2 m/s.
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Figure 1.   Temporal variations in h'F scaled at 3 MHz from the

ionograms obtained by ionosondes at Chumphon (red curve), Bac

Lieu (blue curve), and Cebu (black curve) on 5 March 2011. The

averaged time derivative of h'F from 18.5 to 19 LT (indicated by

dashed lines) is calculated as a proxy for upward plasma drift in the F

region ionosphere due to the PRE phenomenon.
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The zonal neutral wind experiences local time and latitudinal vari-
ation (see Raghavarao et al., 1991; Liu HX et al., 2009; Abadi et al.,
2017).  With a  standard deviation of  only ~4.2 m/s in the average
of data recorded on the day in question, we believe it reasonable
to estimate the influences of latitudinal and temporal variations in
the  wind  data  plotted  in Figure  2b to  be  ~3%  (in  any  case,  less
than  10%).  In  this  example,  we  therefore  employ  the  value  of
~122  m/s  as  the  zonal  wind  speed  in  the  evening  thermosphere
over Southeast Asia on that day, 5 March 2011.

To derive a proxy of EEJ strength, we use data from two magneto-
meters in the west of Southeast Asia, one located at the magnetic
equator (at Phuket (PKT; 8.1°N, 98.3°E, dip latitude: 0.1°N) in Thail-
and),  the  other  in  the  off-equator  (at  Kototabang  (KTB;  0.2°S,
100.3°E, dip latitude: 10.0°S) in Indonesia). Each magnetometer re-
cords  the  variation  of  the  horizontal  (H) component  of  the  geo-
magnetic  field  with  a  time  resolution  of  1  min.  The  deviation  of
the H-component or ΔH in each station is  calculated from the H-
component variation after subtracting the nighttime base level. In
this study,  we  use  for  our  analysis  the  hourly  ΔH values  derived
from  the  1-min  values.  The  EEJ  is  derived  from  the  differences
between the  hourly  ΔH variations  at  PKT  (ΔHPKT)  (equator)  and
those at KTB (ΔHKTB)  (off-equator). Uemoto et al.  (2010), who em-
ployed  the  same  magnetometers  as  used  in  this  study  and  the
Chumphon ionosonde, investigated the relations among the EEJ,
the PRE, and occurrences of the EPB, and reported that the integ-
rated  EEJ  (IEEJ)  values  a  few  hours  before  sunset  are  well-correl-
ated with the strength of  the PRE.  We follow the method way of
Uemoto et al. (2010) to derive the proxy of the EEJ; that is, we take
the EEJ strength on a given day to be represented by the value of
the IEEJ component in the time interval of 9–12 UT (roughly 16–19
LT  in  the  west  of  Southeast  Asia).  To  analyze  the  relationship
between  the  EEJ  and  the  PRE,  we  then  employ  the  IEEJ  and  PRE
obtained on the same day.

Figure 3 presents an example of how we derive the IEEJ strength
on a representative day, from the hourly ΔH variations recorded at
PKT and KTB. The red and black curves in Figure 3 show hourly ΔH
variations from the PKT and KTB magnetometers, respectively, on
that day, 5 March 2011. A measure of EEJ component variation on

that day is indicated by the blue curve, which presents the differ-
ence between the red and the black curves. As the blue curve in-
dicates,  the  variation  of  the  EEJ  component,  the  sum  of  the  EEJ
values between 9 and 12 UT,  represents the integrated EEJ (IEEJ)
strength  on  this  day;  that  is,  the  IEEJ  value  of  ~23  nT  represents
the EEJ strength on 5 March 2011. 

3.  Results
During  March–April  and  September–October  from  2010  to  2013,
we  collected  187  days  of  ionosonde  PRE  data,  74  days  of  GOCE
satellite  measurements  of  zonal  neutral  winds,  and  119  days  of
magnetometer  data  regarding  IEEJ  strength.  These  observations
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yielded PRE values ranging from 0 m/s  to ~67 m/s;  zonal  neutral

wind  values  ranging  from  50  m/s  to  180  m/s.  (note  that  positive

values indicate zonal neutral winds that blew eastward); and IEEJ

strengths falling within the interval of −30 to 128 nT. The intervals

of  daily F10.7 (which indicate  the  level  of  solar  activity)  that  oc-

curred during the months  included in  this  study ranged from 74

to 180 solar flux units (s.f.u).

23.5◦sin (π (D − 81)
182.5

)

The PRE  is  a  phenomenon that  is  very  sensitive  to  solar  (Fejer  et

al.,  1999)  and  magnetic  (e.g., Carter  et  al.,  2014)  activity;  the  PRE

may  even  be  affected  by  the  deviation  between  the  terminator

angles  and  the  magnetic  meridian  (magnetic  declination)  that

varies even within the same equinox season. Therefore, before we

analyze  the  influence  of  the  thermospheric  wind  and  the  EEJ  on

the  PRE,  we  need  to  examine  the  effects  of  such  other  factors.

From Burke et al. (2004), we use α as an estimate of the deviation

between  the  terminator  angle  (ε)  and  the  magnetic  declination

(δ).  The ε is  defined  as  a  function  of  day  of  year  (D), ε =

.  In  this  study,  we  used δ = −0.67°  at  an  alti-

tude of 350 km, longitude of 100°E, and latitude of 8.5°N (magnet-

ic  latitude:  ~0°); δ is  taken  from  the  International  Geomagnetic

Reference Field (IGRF) 2013 model (Thébault et al., 2015).

Figure 4 summarizes the 187 days of PRE observation from iono-

sondes, presenting respectively in panels 4(a−c) the relationships

between the PRE and the daily F10.7,  between the PRE and the Kp
index, and between the PRE and α. In each panel, the value of R in-

dicates  the  cross-correlation  coefficient  of  the  relationship

between the two parameters plotted in that panel. Here, we use R
to quantify how one parameter correlates with another paramet-

er.  Briefly, Figure  4 reports  cross-correlation  coefficients  (R)  of

0.55, −0.12, and −0.15 for the relationships of the PRE against the

daily F10.7,  the Kp index,  and α,  respectively. Figure  4a demon-

strates that the PRE is positively correlated with the level of daily

solar  activity; Figure  4b shows  a  significantly  weaker,  negative,

correlation between the PRE and the magnetic activity; Figure 4c

reveals  an  even  weaker  correlation,  also  negative,  between  the

alignment of terminator angles-magnetic declination and the PRE.

We  interpret  the  results  reported  in Figure  4 as  indicating  that

daily  variation  of  PRE  magnitude  is  significantly  more  influenced

by solar activity than by magnetic activity or by and the variation
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of the angle between the solar terminator and the magnetic decli-
nation.

We  now  describe  the  result  for  the  relationship  between  zonal
neutral  wind and PRE.  The wind and the vertical  drift  due to PRE
were  observed  simultaneously  on  69  days  by,  respectively,  the
GOCE satellite and the ionosondes. Figure 5 presents a scatter plot
of the zonal neutral wind against the PRE deduced from the iono-
sonde  data.  Each  asterisk  in Figure  5 represents  one  day’s  wind
and PRE magnitudes. The black solid line in Figure 5 shows a lin-
ear regression between the wind and PRE data; the cross-correla-
tion coefficient (R) between the two parameters is approximately
0.42. From the black line in Figure 5, the PRE strength can be seen
statistically  to  increase from ~13 m/s  to ~26 m/s  as  the speed of
eastward winds increase from ~75 m/s to ~150 m/s, reflecting the
positive  correlation  between  PRE  magnitude  and  eastward  wind
velocity seen in Figure 5.

We next examine the relationship between the IEEJ and the PRE.
Simultaneous measurements  of  IEEJ  and  PRE  strengths  were  ob-
tained on 107 days,  allowing us to investigate statistically  the ef-
fect  of  the  EEJ  on  the  PRE  magnitude. Figure  6 shows  a  scatter
plot between the IEEJ and PRE strengths data. Daily values of the
IEEJ  and the PRE strengths  are  represented by  107 asterisks,  one
for each day of  simultaneous observation;  the black solid line in-
dicates the linear regression between the IEEJ and PRE strengths.
The  cross-correlation  coefficient  (R)  for  the  relationship  between
the IEEJ and the PRE data is approximately 0.47. Similar to the rela-
tionship  between  the  wind  and  the  PRE,  here  again  the  PRE
strength  is  positively  correlated  with  IEEJ  strength,  and  with  a
comparable cross-correlation coefficient.

We found positive correlations between the wind and the PRE and
between the IEEJ and the PRE in the data summarized in Figures 5
and 6, respectively. On the other hand, PRE strength is strongly af-
fected  by  the  variation  of  the  daily  solar  activity,  as  shown  in

Figure  4.  In  fact,  our  observations  show  that  the  relationship

between solar activity and the PRE has a higher cross-correlation

coefficient  than  the  coefficients  associated  with  the  PRE  against

the wind  and  against  the  EEJ.  Furthermore,  we  need  also  to  in-

vestigate  whether  solar  activity  affects  the  wind  or  the  EEJ,  or

whether their influence is mostly independent of solar activity. We

collected 74 days  of  wind observations  and 119-days  of  the IEEJ;

Figure 7 presents scatter plots of F10.7 against zonal wind and IEEJ;

in these plots, the cross-correlation coefficients between F10.7 and

wind  and  between  the F10.7 and the  IEEJ  are  0.08  and  0.31,  re-

spectively.  These R values are  weaker  than  those  of  the  relation-

ships of PRE against wind and PRE against EEJ, suggesting that the

wind and EEJ do not strongly depend on solar activity. Therefore,

we  consider  that  the  high  positive  correlations  of  the  wind  and

EEJ  to  PRE  (Figures  5 and 6)  are  not  significantly  affected  by  the

positive correlation between solar activity and PRE strength.

Finally, Figure  8 presents  the  relationship  between  the  eastward

wind and the IEEJ. We were able to find just 28 days for which sim-

ultaneous observations of wind by the GOCE satellite and IEEJ by

the magnetometers  were  available.  The  cross-correlation  coeffi-

cient  for  the  relationship  between  these  limited  wind  and  IEEJ

data is positive but has a weaker R value (0.26) than the positive R
coefficients  reported  above  between  the  wind  and  the  PRE  and

the IEEJ and the PRE. We thus suggest that the zonal wind and the

IEEJ act substantially independently on the PRE. 

4.  Discussion
Our  analysis  finds  positive  correlations  between  the  eastward

neutral  wind  and  the  PRE  and  between  the  EEJ  and  the  PRE

(Figures 5 and 6). We infer that PRE magnitude is significantly af-

fected by the eastward wind and the EEJ strength; stronger east-

ward wind  and  stronger  EEJ  appear  to  enhance  the  PRE  mag-
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nitude.  The  cross-correlation  coefficients  for  the  relationships

between the eastward wind and the PRE and between the EEJ and

the PRE are comparable, suggesting that it is the balance between

these two influences that is reflected in PRE magnitude variations.

The strong dependence of the PRE on daily variations of solar flux

has  long  been  recognized  (e.g., Fejer  et  al.,  1999; Huang  CS  and

Hairston, 2015),  but it  is not clear how solar flux controls the PRE

magnitude  (Huang  CS  and  Hairston,  2015). We  want  to  emphas-

ize that the effects of solar flux on the PRE magnitude are beyond

the scope of this study, though our data certainly do confirm the

importance  of  solar  flux,  finding  it  (Figure  4)  to  be  significantly

more important  than the influences of  magnetic  activity  and the

angle between the solar terminator and the magnetic field. We ac-

knowledge,  therefore,  that  the  PRE  data  used  for  the  analyses

presented  in Figures  5 and 6 are not  independent  of  but  un-

doubtedly  reflect  the  influence  of  daily  solar  activity.  One  could

thus argue that the eastward neutral wind and the EEJ influences

we report in this study could be seen simply as indirect influences

of solar activity.

However,  the  analysis  summarized  in Figure  7 suggests  that  the

wind and the EEJ effects could be at least somewhat independent

of daily variations in solar activity; our findings are that daily vari-

ations of the wind and the EEJ do not correlate strongly with solar

activity variations.  In  short:  We  suggest  that  the  results  summar-

ized in Figures 5–7 argue that the influences of the wind and the

EEJ  on  the  PRE  may  be  significantly  independent  of  the  well-

known influences of solar activity.

The  causal  relationship  between  the  eastward  neutral  wind  and

the PRE strength can be explained by the role of the wind on the

PRE mechanism through the F region dynamo process (Rishbeth,

1971a, b; Farley et al., 1986; Eccles, 1998). The fundamental driver

in the PRE mechanism is the eastward neutral wind through the F

region  dynamo  process  (Eccles  et  al.,  2015). The  process  of  F  re-

gion dynamo  actively  driven  by  the  eastward  wind  is  briefly  de-

scribed  as  follows.  The  eastward  wind  in  the  equatorial  F  region

across  the  geomagnetic  field  lines  generates  an  upward  current.

To  maintain  divergence-free  current,  the  negative  and  positive

charges are accumulated in the bottomside and topside F region,

respectively,  and the downward polarization electric  field is  then

generated (Rishbeth,  1971a).  This  downward polarization electric

field is an essential component in the PRE mechanism. Therefore,

the positive correlation between the wind and the PRE in Figure 5

signifies  that  larger  eastward  wind  could  generate  a  stronger

downward polarization  electric  field  that  substantiates  to  gener-

ate a larger PRE magnitude (Rishbeth, 1971b; Farley et al., 1986).

This study also emphasizes that the results presented in Figure 5

are  strong  observational  evidence  of  the  statistical  relationship

between the eastward neutral wind in the evening thermosphere
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and the  PRE  magnitude.  Previous  studies  of  the  role  of  the  east-
ward neutral wind on the PRE mechanism have employed models
or  numerical  simulations  (e.g.,  Eccles  et  al.,  2015; Ghosh  et  al.,
2020).  In  this  study,  wind  data  from  the  GOCE  satellite  has
provided empirical evidence that stronger eastward neutral winds
appear to generate larger PRE magnitudes.

Figure  6 summarizes  our  statistical  investigation of  the  influence
of  EEJ  on  the  PRE  magnitude.  We  report  a  positive  correlation
between EEJ  strength and PRE magnitude. Haerendel  and Eccles
(1992) proposed a  mechanism  for  this  influence  that  was  re-
viewed  comprehensively  by Eccles  et  al.  (2015):  its  fundamental
driver is the upward F region dynamo current created by the east-
ward neutral wind in the sunset period, which Haerendel and Ec-
cles  (1992) suggested,  could  connect  with  the  EEJ  current  from
the E region to enhance the PRE magnitude. The positive correla-
tion between EEJ strength and PRE magnitude found in this study
offers supports for their proposed mechanism.

Our  analysis  suggests  that  both  the  eastward  wind  and  the  EEJ
could participate significantly in the PRE mechanism. We also ex-
amined the relationship between the wind and the EEJ, finding a
cross-correlation coefficient between them of approximately 0.26,
a value weaker than those between the wind and the PRE and the
EEJ  and  the  PRE.  The  weak  correlation  between  wind  and  EEJ  is
explained by their  different  altitudes.  The wind is  in  the bottom-
side  F  region;  the  EEJ  is  an  eastward  current  in  the  E  region.  In
short:  Our  analysis  of  the  empirical  data  on  which  this  study  is
based leads us to suggest that the wind and the EEJ influence the
PRE magnitude relatively independently of each other.

In Figure 6, we note a few instances of negative IEEJ with positive
PRE;  these  suggest  that  the  PRE  or  eastward  electric  field  in  the
dusk sector in the equatorial region can occur even when the EEJ
is  negative  (westward  EEJ  current  or  counter  EEJ).  However,  we
point  out  that,  in  these  instances  of  PRE  with  negative  EEJ,  PRE
values  are  not  large,  e.g.,  below  30  m/s. Figure  8 records  two
points  at  which  a  negative  EEJ  is  recorded  with  the  wind  still
blowing  eastward;  these  could  be  a  clue  to  why  the  normal  PRE
(eastward  electric  field  at  dusk  sector)  can  occur  even  under  the
condition of  negative EEJ.  Since both the eastward wind and EEJ
are involved in the PRE mechanism, and both contribute equival-
ently  and  independently  to  the  increase  of  the  PRE  amplitude,  a
weak PRE could result from an unusual balance between the two
in which,  despite  the  negative  EEJ,  the  usually  dominant  east-
ward  wind,  the  fundamental  driver  of  the  PRE  mechanism
through the F  region dynamo process  (Eccles,  1998; Eccles  et  al.,
2015), could still generate the PRE (Rishbeth, 1971a, b; Farley et al.,
1986).  However,  in  such  a  situation  the  mechanism  proposed  by
Haerendel  and  Eccles  (1992) would  not  apply;  instead  a
strengthened PRE, the combination of eastward wind and negat-
ive  EEJ  could  be  expected  to  result  in  a  weaker  PRE  magnitude,
which indeed appears to have been observed.

Recently, Ghosh  et  al.  (2020) demonstrated  the  use  of  the  GAIA
model to examine the roles of the zonal neutral wind and the EEJ
on the daily variation of the PRE magnitude in the Southeast Asi-
an  longitude  sector  and  equinoctial  months  —  the  same  region
and seasons as the data analyzed in this study; thus our observa-

tions  invite  comparison  to  the  GAIA  simulations,  which  found

cross-correlation  coefficients  for  the  relationships  between  the

wind and the PRE and between the EEJ and the PRE of approxim-

ately 0.5 and 0.4,  respectively.  These values support our observa-

tional  conclusions  that  the  wind  and  the  EEJ  act  in  a  balanced

manner in affecting the PRE magnitude. The consistency between

the  results  of Ghosh  et  al.  (2020) and  our  findings  suggests  that

the GAIA model can be used to study the coupling of neutral ther-

mosphere-plasma  ionosphere  in  relation  to  the  equatorial  PRE,

the equatorial electrojet current in the E region, and the thermo-

spheric neutral wind. 

5.  Conclusion
We  have  investigated  statistically  the  relationships  between  the

thermospheric neutral wind and the PRE magnitude and between

the EEJ and the PRE magnitude, employing observations in South-

east Asia during March–April  and September–October from 2010

to  2013.  PRE  magnitudes  were  derived  from  data  collected  by

three ionosondes — at Chumphon, Thailand, at Bac Lieu, Vietnam,

and  at  Cebu,  Philippines.  Data  characterizing  the  thermospheric

neutral  wind  at  the  bottomside  F  region  in  the  evening  sector

were retrieved from in-situ measurements made aboard the GOCE

satellite. Two  magnetometers,  one  located  at  the  equatorial  sta-

tion at  Phuket  in  Thailand and another  situated at  the off-equat-

orial station at Kototabang in Indonesia, supplied data used to de-

rive  the  EEJ  strength.  The  relationships  between  the  eastward

neutral  wind  and  the  PRE  magnitude  and  between  the  EEJ

strength and the PRE magnitude were found to have cross-correl-

ation  coefficients  (R)  of  0.42  and  0.47,  respectively.  We  also  find

that the relationship between the eastward wind and the EEJ has

a  weaker  positive  correlation  (R =  0.26).  Thus,  the  influences  of

wind and EEJ are relatively independent of each other.

Previous  studies  of  the  relationship  between  the  eastward  wind

and the PRE have been carried out primarily by numerical simula-

tions  or  models  (e.g., Eccles  et  al.,  2015; Ghosh  et  al.,  2020).  This

study,  based  on  empirical  data,  finds  a  positive  correlation

between the strength of the PRE and the magnitude of the east-

ward  wind  in  the  evening  thermosphere.  Moreover,  the  data

strongly suggest that this influence is significantly independent of

the influence from the EEJ, both influences being positively correl-

ated  with  PRE  strength.  Our  results  support  the  ideas  that  both

the eastward neutral wind and the eastward current of EEJ are in-

volved in the PRE mechanism, as proposed by previous investigat-

ors (see Rishbeth, 1971b; Farley et al., 1986; Haerendel and Eccles,

1992; Eccles,  1998; Eccles  et  al.,  2015). We  note  that  the  correla-

tion  coefficients  of  the  relationships  between  the  wind  and  the

PRE  and  between  the  EEJ  and  the  PRE  are  of  similar  magnitude,

suggesting that each can independently drive the PRE magnitude.

Stronger eastward  winds  and/or  stronger  positive  EEJs  can  en-

hance PRE magnitudes. Finally, it should be noted that the correl-

ation  between  the  eastward  wind  in  the  F  region  and  the  EEJ  in

the E region is relatively weak, perhaps explaining how the effects

of these two parameters on the PRE magnitude could be signific-

antly independent. 
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