
REVIEW
SPACE PHYSICS

Earth and Planetary Physics
2: 257–275, 2018

doi: 10.26464/epp2018025

A brief review of equatorial ionization anomaly and
ionospheric irregularities

Nanan Balan1,2*, LiBo Liu1,2,3, and HuiJun Le1,2,3

1Key Laboratory of Earth and Planetary Physics, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China;

2Institutions of Earth Science, Chinese Academy of Sciences, Beijing 100029, China;

3College of Earth and Planetary Sciences, University of the Chinese Academy of Sciences, Beijing 100049, China

 

Abstract: Following a brief history and progress of ionospheric research, this paper presents a brief review of the recent developments in
the understanding of two major phenomena in low and mid latitude ionosphere—the equatorial ionization anomaly (EIA) and involved
equatorial plasma fountain (EPF) and ionospheric irregularities. Unlike the easy-to-understand misinterpretations, the EPF involves field
perpendicular E×B plasma drift and field-aligned plasma diffusion acting together and plasma flowing in the direction of the resultant at
all points along the field lines at all altitudes. The EIA is formed mainly from the removal of plasma from around the equator by the
upward E×B drift creating the trough and consequently the crests with small accumulation of plasma at the crests when the crests are
within ~±20° magnetic latitudes and no accumulation when they are beyond ~±25° magnetic latitudes. The strong EIA under
magnetically active conditions arises from the simultaneous impulsive action of eastward prompt penetration electric field and
equatorward neutral wind. Intense ionospheric irregularities develop in the post-sunset bottom-side equatorial ionosphere when it rises
to high altitudes, and evolve nonlinearly into the topside. Pre-reversal enhancement (PRE) of the vertical upward E×B drift and its
fluctuations amplified during PRE provide the driving force and seed, with neutral wind and gravity waves being the primary sources. At
low solar activity especially in summer when fast varying PRE is absent, the slow varying gravity waves including large scale waves (LSW)
seem to act as both driver and seed for weak irregularities. At mid latitudes, the irregularities are weak and associated with medium scale
traveling ionospheric disturbances (MSTIDs). A low latitude minimum in the occurrence of the irregularities at March equinox predicted
by theoretical models is identified. The minimum occurs on the poleward side of the EIA crest and shifts equatorward from ~25° magnetic
latitudes at high solar activity to below 17° at low solar activity.
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1.  Introduction
As early  as  1839  Gauss  postulated  an  electrically  conducting  re-

gion of the atmosphere to explain the observed daily variation of

Earth’s  magnetic  field  (Graham,  1724–1725).  On  12  December

1901, Guglielmo  Marconi  a  challenging  engineer  and  his  assist-

ants successfully transmitted a wireless message (three bits Morse

code,  three  dots,  for  the  letter  S)  from  Cornwall  in  England  to

Newfoundland  (now)  in  Canada  costing  200,000  British  pounds

(Marconi’s  interview  in  1933, Beynon,  1975).  They  used  a  spark-

gap transmitter to produce a signal of frequency ~500 KHz with a

power 100 times more than any radio signal previously produced,

and  a  152.4  m  (500  feet)  antenna  for  reception.  This  electronic

bridging of  the  Atlantic  Ocean  was  the  beginning  of  long  dis-

tance wireless communication for which Marconi got Nobel Prize

in 1909.  Then, the question,  how Marconi’s  radio signal found its

way around the curvature of the Earth (or why it was not lost into

space) was the beginning of ionospheric research.

Soon  scientists,  notably Kennelly  (1902) and Heaviside  (1902),
postulated  the  existence  of  an ionized  upper  region in the  atmo-
sphere  that  reflected  the  radio  waves. Taylor  (1902–1903) was
among  the  first  scientists  to  suggest  that  the  ionized  layer  was
produced by solar radiation. Twenty-three years later on the same
day  12  December  in  1924, Appleton  and  Barnett  (1925) proved
the existence of the ionized layer and found its height (~100 km)
by  comparing  the  phase  of  two  signals  from  a  BBC  transmitter,
one  ground  wave  and  the  other  reflected  from  the  ionosphere.
Appleton got  Nobel  Prize  in  1947  for  his  contributions  to  iono-
spheric  research. Breit  and  Tuve  (1925) used  a  pulse  technique
(forerunner of ionosonde) to measure the heights and critical fre-
quency of a few ionized regions.

The term Ionosphere was coined in 1926 by Watson-Watt. The ion-
ized regions were named E and F regions, leaving room to discov-
er more regions below and above. The letter E was adopted from
the symbol E used for the electric field of the signal reflected from
the  lower  region  and  consequently  the  letter  F  was  used  for  the
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upper region. Later a D region and an occasionally occurring weak
C region were detected. The F region was also found to split into
F1 and F2 layers during daytime. More recently, a cosmic ray layer
populated mainly by hydrated ions was also detected well below
the main ionosphere (Figure 1).

The ionosphere is  the ionized part  of  the upper  atmosphere and
neutral  part  is  the  thermosphere.  The  ionization  is  so  weak  that

even at the peak of the ionosphere, the ion to neutral particle ra-
tio  is  only  up  to  1:500.  On  a  global  scale,  the  ionosphere  attains
maximum  height  (up  to  ~600  km)  at  the  magnetic  equator

slightly after sunset and maximum density (~3×106 cm–3) at ~±16°
magnetic latitudes  just  after  local  noon  (13–14  LT).  The  iono-
sphere  is  produced  by  the  ionization  of  neutral  atmosphere

(mainly  atomic  oxygen)  with  energy  for  the  ionization  coming
from  the  sun.  The  movement  of  ionosphere  is  driven  by  neutral
wind and controlled by geomagnetic field.

For practical reasons, the ionosphere can be defined as the part of
the  upper  atmosphere  where  ions  and  electrons  are  present  in
sufficient  numbers  to influence the  propagation  of  radio  waves
(Ratcliffe,  1972). The  influence  has  both  advantages  and  disad-
vantages. (1) It is mainly to exploit the advantages in HF commu-
nication  and  find  remedies  for  the  disadvantage  in  satellite-
ground communication that we started studying the ionosphere.
(2) Ionosphere is also studied for its disadvantages in radio astro-
nomy. (3) The ionosphere is a natural plasma laboratory which can
be studied at our will and wish, and the information gained can be
used  for  understanding  the  behavior  of  man-made  laboratory
plasmas,  for  example,  in  fusion  reactors.  (4)  The  ionosphere  has
been studied around the world for over a century for its science.

The  basic  science  has  been  understood  thanks  to  the  excellent
works of a number of scientists. Chapman (1931) presented a the-
ory for the formation of the ionosphere.  His contributions are re-
cognized  through  an  international  conference  in  his  name.  The
studies  should  be  continued  for  (a)  understanding  many  special
phenomena  that  exist  in  the  ionosphere,  (b)  its  interaction  with
the  neutral  atmosphere  below  and  fully  ionized  magnetosphere

and solar wind above, (c) its strengthening and weakening during
solar  storms,  (d)  impulsive  intensification  of  ionospheric  currents
during extreme solar storms leading to severe space weather that
cause extensive social and economic disturbances in the High-Tec
society  by damaging utility  systems such as  electric  power grids,
communication  cables,  oil  and  gas  metal  pipe  lines,  and  (e)
searching for possible ionospheric precursor of earthquakes.

Since  its  discovery,  for  about  60  years  when  ionosonde  was  the
main  instrument,  the  interest  was  mainly  to  compare  measured
electron density  and  height  variations  with  theoretical  predic-
tions. With the introduction of radars, rockets and satellites meas-

urement  of  electric  field  became  easy.  So  there  was  a  natural
tendency to associate ionospheric variations with electric field ig-
noring  neutral  wind.  The  importance  of  neutral  wind  (e.g., Rish-
beth,  1971)  is  such  that  the  neutral  atmosphere  from  which  the
ionosphere is produced moves horizontally with a velocity U. The

component of U parallel to the geomagnetic field lines moves the
ionospheric plasma along the field lines and hence can redistrib-
ute it in latitude and height. It is also the perpendicular compon-
ent of U that produces the ionospheric electric field E through the

dynamo  action  (E=U×B).  Though  neutral  wind  is  the  primary
driver of ionospheric motion, its importance was ignored for lack
of data. With the advent of new techniques involving airglow (e.g.,
SOFDI),  radars, and satellites (e.g.,  C/NOFS), the wind velocity has

been measured  in  recent  times.  The  further  progress  of  iono-
spheric research  will  involve  winds  and  waves  from  lower  atmo-
sphere, solar storms and earthquakes.

As mentioned  above,  many  special  phenomena  have  been  dis-
covered in the ionosphere mainly at low latitudes due to the hori-

zontal orientation  of  geomagnetic  field  at  the  equator.  The  spe-
cial  phenomena  include  the  equatorial  electrojet  (e.g., Egedal,
1947),  equatorial  plasma  fountain  (Hanson  and  Moffett,  1966),
equatorial ionization anomaly (Appleton, 1946), equatorial plasma

temperature  anomaly  (Oyama  et  al.,  1997), equatorial  temperat-
ure  and  wind  anomaly  (Raghawarao  et  al.,  1991),  spread  F  and
plasma  bubbles  (Booker  and  Wells,  1938; Woodman  and  La  Hoz,
1976) and F3 layer (Balan et al., 1998). The purpose of this paper is
to present a brief review of the recent developments in the under-

standing of two major phenomena at low and mid latitudes—the
equatorial  ionization  anomaly  and  ionospheirc  irregularities.  The
two phenomena are reviewed in Sections 2 and 3 with introduc-
tions at the beginning.

2.  Equatorial Ionization Anomaly

2.1  Introduction
Because the Sun shines over the equator, the ionospheric density
was expected to vary from a maximum at the equator to a minim-

um at  high  latitudes.  But  when  the  density  variation  was  meas-
ured  (Namba  and  Maeda;  1939; Appleton,  1946)  it  was  found  to
exhibit  an  unexpected  large  structure  with  a  trough  around  the
equator,  crests  near  ±15°  magnetic  latitudes  and  crest-to-trough
ratio about 1.6 in daytime peak electron density (Nmax).  This large

structure known as the equatorial ionization anomaly (EIA) devel-
ops in  the morning at  around 10 LT,  continues to  exist  well  bey-
ond sunset and covers about half the global area in 24 hours; and
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Figure 1.   Typical ionization density profile; major ion species at

different altitude levels are listed (from Viggiano and Arnold, 1995).
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the position of the crests and crest-to-trough ratio vary with vari-
ous geophysical conditions.

Following the discovery, several theories like the diffusion theory
(Mitra, 1946) and electrodynamic drift theory (Martyn, 1955) were
suggested to  explain  the  anomaly  (EIA).  According  to  the  diffu-
sion  theory,  plasma  diffuses  along  the  geomagnetic  field  lines
from  the  (otherwise)  high  density  region  at  the  equator  to  low
density  region  at  higher  latitudes  under  the  influence  of  gravity
and  pressure  gradient  forces,  which  was  suggested  to  produce
the  anomaly. Martyn  (1955) proposed that,  in  addition  to  diffu-
sion, upward E×B drift of plasma should also be important in caus-
ing  the  anomaly.  Later  when  computers  became  powerful
enough, Rishbeth et al. (1963) showed that diffusion is important
but not sufficient. The combination of the drift and diffusion the-
ories which generate the equatorial plasma fountain (EPF), on the
other  hand,  was  successful  in  explaining  the  observations  (Mof-
fett and Hanson, 1965). Hanson and Moffett (1966) presented the
first  pictures  of  EPF  and  EIA  in  the  northern  hemisphere  from
steady state  model  calculations  using assumed E×B drift  velocity
(the  drift  velocity  had  yet  to  be  measured). Anderson  (1973)
showed the neutral wind modulation of EIA.

The Sheffield University Plasmasphere Ionosphere Model (SUPIM)
(Bailey and Balan, 1996) that incorporates measured values of E×B
drift  velocity  (Fejer  et  al.,  1991)  and  neutral  wind  velocity  (from
horizontal wind model HWM) (Hedin et al., 1996) showed detailed
pictures  of  the  plasma  fountain  with  and  without  neutral  wind
and  their  effects  in  producing  and  modulating  EIA  (Balan  and
Bailey, 1995; Balan et al., 1997). SUPIM also showed the impulsive
strengthening of  the  fountain  during  the  pre-reversal  enhance-
ment  (PRE)  of  the  upward E×B drift  and  reverse  plasma  fountain
during the following downward drift. There are a number of other
physics based models (not referred due to page limitation), which
have also reproduced the EIA. Review articles on EIA were presen-
ted by Rajaram (1977), Moffett (1979), Stening (1992) and Balan et
al. (2018).

During  the  early  stages  of  major  geomagnetic  storms  especially
super storms, the daytime plasma fountain becomes a super foun-
tain  (Balan  et  al.,  2009)  and  the  EIA  becomes  strong  with  over
1000% increase in density at the crests that shift up to ±30° latit-
udes  (e.g., Mannucci  et  al.,  2005; Balan  et  al.,  2011).  Such  strong
EIA was suggested to occur due to strong eastward prompt pen-
etration  electric  field  PPEF  (Kelley  et  al.,  2004),  though  modeling
studies  later  showed  that  the  PPEF  alone  is  unlikely  to  produce
the strong EIA (Balan et al., 2009). The strong EIA was explained in
terms  of  the  combined  effects  of  strong  eastward  PPEF  and  fast
storm-time  equatorward  winds  (e.g., Lin  et  al.,  2005; Balan  et  al.,
2010, 2011; Lu et al., 2012).

As described,  theoretical  models  have  quite  successfully  repro-
duced the observed EIA and its variations under quiet and active
conditions.  However,  easy-to-understand  misinterpretations  of
EPF and EIA  have caused misunderstandings  which have led un-
likely mechanisms to be proposed for the strong EIA under active
conditions. The development of EIA in the morning by ~10:30 LT,
though E×B drift  turns  upward  at  ~06:30  LT,  also  has  indirectly
supported  the  misinterpretations.  This  part  of  the  brief  review  is
intended to clarify the misinterpretations using SUPIM.

SUPIM (Bailey  and Balan,  1996)  solves  the coupled time-depend-

ent equations of continuity,  momentum and energy for the elec-

trons  and  ions  (O+,  H+,  He+,  N2
+,  NO+ and  O2

+) along  closed  ec-

centric-dipole  geomagnetic  field  lines.  Recently,  the  N+ ion  has

also  been  included  and  the  lower  altitude  boundary  is  extended

down  from  110  km  to  80  km  (Souza  et  al.,  2013). The  model  in-

puts are the measured E×B drift velocity (Fejer et al.,  1991), neut-

ral  wind  velocities  from  HWM93  (Hedin  et  al.,  1996)  and  neutral

densities  from NRLMSISE  (Picone et  al.,  2002). HWM and NRLMS-

ISE  give  the  wind velocities  and densities  as  function of  altitude,

latitude, local time, season, and level of solar and magnetic activit-

ies.  The E×B drift velocities  used  for  quiet  conditions  are  meas-

ured  at  the  equatorial  station  Jicamarca  and  low  latitude  station

Arecibo (Fejer et al.,  1991).  These drifts and zero drift  are applied

at  apex  altitudes  of  90–700  km  and  1500–5000  km  and  above

55000  km,  with  interpolations  for  the  apex  altitudes  in  between.

The apex interval varies with apex as 2.5 km for 90–120 km, 5 km

for  125–300 km,  10 km for  310–500 km and 20 km for  520–1000

km; and above1000 km the apex varies at intervals corresponding

to  1°  latitudes.  The  shorter  intervals  at  lower  apex  are  meant  for

conductivity  calculations.  The  drift  velocity  varies  with  altitude

and latitude according to the field line geometry.

2.2  EIA under Quiet Conditions
Though diffusion of  plasma from the equator  to  higher  latitudes

was suggested to explain EIA (Mitra, 1946), it alone was found in-

sufficient  (Rishbeth  et  al.,  1963)  as  illustrated  in Figure  2 which

shows the electron density Ne (in  units  of  105 cm–3) variation ob-

tained from the model calculations carried out with no E×B drift.

Diffusion  alone  produces  only  a  weak  anomaly  in  the  morning

with  crests  at  around  ±10°  magnetic  latitudes  (Figure  2a)  due  to

the  large  plasma  pressure  gradient  between  the  equator  and

higher latitudes, and the anomaly becomes weaker with time and

disappears before noon when the pressure gradient is  small.  The

Ne variation at noon (13 LT, Figure 2b) is centred at the equator at

~330  km  height  with  a  density  of  ~19  units.  The  density  in  the

northern  (winter)  hemisphere  is  slightly  greater  than  that  in  the

southern hemisphere due to winter  anomaly or  larger  O/N2 ratio

in winter (Liu et al., 2010). The modelling day 30 October is the be-

ginning of winter in the north. It may be noted that the density at

the latitudes (~±15°) of the crests is ~17 units.

As mentioned above, the equatorial plasma fountain (EPF) has of-

ten  been  viewed  as  vertically  upward E×B plasma  drift  at  the

equator  followed  by  downward  diffusion  (e.g., Balan  et  al.,  1995;

Lu et al.,  2012; Chen et al.,  2016). This easy-to-understand picture

has two incorrect interpretations: (1) the drift is interpreted to act

only  at  the  equator  and  (2)  diffusion  is  interpreted  to  follow  the

drift.  In reality and in models, the field perpendicular E×B plasma

drift and field-aligned plasma diffusion present all along the field

lines at  all  altitudes  act  together,  and  plasma  flows  in  the  direc-

tion  of  the  resultant.  The  fountain  can  rise  up  to  ~1000  km  in

height  over  the  equator  and  cover  up  to  ~±30°  in  latitudes  (at

300 km) at high solar activity (Balan et al., 1997). The altitude-latit-

ude coverage varies with time of the day, season and level of sol-

ar  activity,  and has large day-to-day variability  mainly  due to the

variability of the E×B drift.
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The EIA crests have often been viewed as forming from the accu-
mulation  of  the  downward  diffusing  plasma  (e.g., Kelley  et  al.,
2004; Lu  et  al.,  2012).  This  also  is  not  true  because  how  could
downward  diffusing  plasma  accumulate  at  high  altitude-latitude
locations (~300 km at ±16° latitudes) where field lines are inclined,
or  what  stops  the  downward diffusion at  these  locations  against
gravity. In fact, even in this scenario, plasma diffuses to the top of
the  crests  and  at  the  same  time,  as  plasma  pressure  increases  at
the crests,  it  also diffuses down from the bottom of  the crests  to
lower  altitudes  where  it  gets  lost  by  chemical  recombination.  In
reality and in models,  the EIA is  formed mainly from the removal
of plasma from around the equator by the upward E×B drift creat-
ing the trough and consequently the crests with small accumula-
tion at  the crests  as  long as  the crests  are at  lower latitudes.  The
amount of accumulation reduces as the crests shift to higher latit-
udes where field lines become more and more inclined and accu-
mulation becomes  zero  when  the  crests  are  beyond  ±25°  latit-
udes (Balan et al., 2009).

The process of formation of the EIA can be illustrated by compar-

ing Figures 2 and 3. Figure 3a is obtained from the model calcula-

tions carried out for the same conditions as for Figure 2 but using

an assumed upward E×B drift (Figure 3b) applied for an hour just

before noon (11:00–12:00 LT) and no drift at other local times. The

drift  is  applied  only  just  before  noon  so  that  the  EIA  formation

(around  noon  of  photo-chemical  equilibrium)  is  not  dominated

either  by  production  or  chemical  loss  of  ionization.  The Ne vari-

ation at 13:00 LT (Figure 3a) exhibits well developed (nearly) sym-

metric EIA with crests at ~±15° latitudes at ~400 km height; dens-

ity at the crests is ~18 units and crest-to-tough ratio is ~1.5. Com-

pared  to  the Ne variation  with  no  EIA  (Figure  2b),  the  density  at

the trough of  EIA is  reduced by ~40% (from 19 units  to 12 units)

while the density at the crests (18 units, Figure 3a) is nearly equal

to the density (17 units) at the same location (~±15°) but with no

EIA (Figure 2b). This clearly indicates that the EIA crests are formed

mainly by the removal of plasma from around the equator creat-

ing the trough with very small accumulation at the crests.

However, the density in the topside ionosphere around the equat-

or  (~±10°)  with  drift  (Figure  3a)  is  greater  than  that  without  the

drift  (Figure 2a) due to the (nearly)  horizontal  field lines support-
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Figure 3.   (a) Altitude-latitude map of Ne (Unit of Ne is 105 cm-3) at

13:00 LT modelled by SUPIM for magnetically quiet (Ap = 4)

conditions at high solar activity (day 303, F10.7 = 268) in Jicamarca
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ing  the  upward  drifted  plasma.  This  results  in  smaller  trough-to-
crest ratio in TEC than Nmax (Balan and Bailey, 1995). Figure 2a also
shows clear F3 layer developed around the equator.

The model results also show well-developed EIA shortly after the
application  of  the  drift  (Figure  3a),  within  about  an  hour  in  this
case. However, observations (and modelling using measured E×B
drift) suggest long duration for the development. In the morning
at  high  solar  activity  the  EIA  develops  by  ~10:30  LT  though  the
E×B drift turns upward by 06:30 LT, taking about 240 minutes for
the development of EIA.  It  takes such a long time because in the
morning the actual  drift  is  weak and slow varying and ionization
production  is  rapid,  so  that  the  slow  removal  of  plasma  from
around the equator is filled by production. The misinterpretations
of EPF and EIA also require long time for the plasma at the equat-
or  to  drift  up  in  altitude  and  then  diffuse  down  along  the  field
lines to form EIA.

2.3  EIA under Active Conditions
As  mentioned  in  Section  1,  the  EIA  becomes  strong  during  early
(around noon) stages of major geomagnetic storms. The strongest
recorded  EIA  occurred  during  the  extreme  storm  on  30  October
2003  (e.g., Mannucci  et  al.,  2005),  which  has  been  studied  in  a
number of papers (e.g., Lin et al., 2005; Liu et al., 2005; Balan et al.,
2011). The strong EIA in electron density Ne measured by CHAMP
satellite at ~400 km height during this event (Figure 4a) has a very
wide  trough,  sharp  crests  at  ~±30°  latitudes  and  crest-to-trough

ratio  ~10;  and  the  density  at  the  crests  compared  to  previous
quiet-time values  is  over  1000%.  CHAMP  also  measured  a  simul-
taneous  fast  equatorward  neutral  surge  (Figure  4b)  that  crossed
over the equator (Balan et al., 2011). Though electric field was not
measured  during  this  event,  the E×B drift  inferred  from  the  RTI
(range time intensity) map of the VHF radar in Brazil (Figure 4c) in
nearly same longitude gives the highest recorded upward drift of
~1200  m·s–1 (Abdu  et  al.,  2008).  The  impulsive  action  of  the  two
drivers together produced the strongest EIA (Figure 4a).

The  strong  EIA,  however,  was  suggested  to  be  caused  by  strong

eastward PPEF alone. In the fully sunlit equatorial ionosphere the

E×B drift due to eastward PPEF drives plasma upward so fast that

it  cannot  recombine.  This  plasma  spills  over  into  the  anomaly,

which was suggested to cause the strong EIA (Kelley et al.,  2004).

This explanation linked to the easy-to-understand pictures of the

plasma  fountain  and  EIA  was  found  inadequate  because  strong

eastward PPEF alone cannot strengthen the EIA crests though can

produce super plasma fountain and shift the crests to higher latit-

udes (Balan et al., 2009, 2013).

A  storm-time  equatorward  wind  (SEW)  with  quiet-time E×B drift

(Balan et al., 2010), on the other hand, is found to produce strong

EIA as shown in Figure 5a. A SEW produces strong EIA through its

mechanical  effects  that  (i)  raise  and  support  the  ionosphere  at

high  altitudes  of  reduced  chemical  loss  and  (ii)  reduce  (or  stop)

downward diffusion of plasma to low altitudes of heavy chemical
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Figure 4.   Latitude variations of electron density Ne (a) and neutral density N (b) measured by CHAMP satellite at equatorial crossing time 21:49
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loss, so that ionization produced during daytime is not lost but are
accumulated  to  strengthen  the  EIA  or  produce  strong  positive
ionospheric storms at low and mid latitudes.  The optimization of
the  two  mechanical  effects  together  produce  strong  EIA  crests
centred at ±16° magnetic latitudes (Balan et al., 2011). In addition
to the strong EIA, Figure 5a shows convergence of plasma around
the equator which is found to continue during the recovery phase
of the storms.

When  eastward  PPEF  is  also  present  simultaneously  the  crests

shift poleward (Figure 5b) due to the associated plasma fountain.

With  the  two  drivers  present  together,  depending  on  their

strengths,  the center  of  EIA crests  can occur  between ~±16°  and

~±30°  magnetic  latitudes,  which  correspond  to  zero  and  strong

eastward PPEF.  When the two drivers  (SEW and PPEF)  are  strong

and impulsive the EIA crests will be sharp at around ±30° magnet-

ic latitudes where the poleward moving plasma due to PPEF and

equatorward  moving  plasma  due  to  SEW  converge  as  observed

during  the  extreme  storm  on  30  October,  2003  (Figure  4a). De-

tailed explanations of how the impulsive action of the two drivers

(strong  eastward  PPEF  and  fast  equatorward  wind)  produce  the

strong EIA  have  been  reported  through  basic  principles,  illustra-

tions and detailed model calculations (Balan et al., 2011, 2013).

However,  model  calculations by SUPIM using eastward PPEF and
quiet-time  neutral  wind  during  evening  hours  produced  strong
EIA,  which  was  interpreted  as  due  to  eastward  PPEF  (Lin  et  al.,
2005).  This  interpretation  is  misleading  because  the  quiet-time
wind  velocity  has  become  equatorward  well  before  the  PPEF.
Model results by SAMI-2 using eastward PPEF alone showed small
strengthening of EIA by about 50% (Huba et al.,  2005). Caution is
to be  taken  here  not  to  interpret  that  strong  EIA  (over  100%  in-
creases in Nmax and TEC) is also due to eastward PPEF.

The  composition  change  effect  of  SEW  (or  O/N2 decrease) be-
comes  ineffective  during  early  stages  of  major  geomagnetic
storms  because  the  ionosphere  has  already  been  lifted  to  high
altitudes  by  the  mechanical  effect  of  SEW.  However,  during later
stages  (or  recovery  phase  RP)  of  the  storms,  the  composition
change effect of SEW becomes effective and positive ionospheric
storms  turn  to  negative  storms  (Prolss,  1995; Fuller-Rowell  et  al.,
1994). During this time, EIA sometimes gets inhibited with a peak
in  density  at  the  equator  (Sreeja  et  al.,  2009; Tulasi  Ram  et  al.,
2008). The equatorial peak during RP has been interpreted as due
to westward electric fields (e.g., Huang et al., 2010). But model res-
ults  (Balan  et  al.,  2013)  showed  that  the  equatorial  peak  occurs
mainly due to the convergence of plasma from both hemispheres
due to the mechanical effect of SEW with small contributions from
westward electric fields and increase in O/N2 ratio at low latitudes
due to the downwelling effect of SEW.

3.  Ionospheric Irregularities

3.1  Introduction
The ionosphere has a smooth density distribution during daytime.
In other words, during daytime when the E-region conductivity is
strong,  ionospheric  drivers  such  as  neutral  winds  and  electric
fields and their fluctuations cannot win in producing irregularities
in the ionosphere. But after sunset when the E-region conductiv-
ity  becomes  weak,  the  drivers  can  generate  plasma  irregularities
of  various  scale  sizes  ranging  from  centimetres  to  hundreds  of
kilometres  that  manifest  as  spread-F  in  ionograms  (Booker  and
Wells,  1938)  and  plasma  bubbles  in  radar  maps  (Woodman  and
Lahoz, 1976) and optical images (Weber et al., 1978). Radio waves
propagating  through  such  an  irregular  ionosphere  undergo
sporadic  enhancement  and  fading  known  as  scintillations  (e.g.,
Booker,  1956) which  affect  communication  and  navigation  sys-
tems when scintillations are strong.

The  irregularities  have  been  studied  widely  for  over  75  years  to
understand  their  science  and  variability  and  for  mitigating  their
adverse  effects  on  communication  and  navigation.  For  extensive
reviews see Basu and Basu (1981); Bowman (1990), Aarons (1993),
Woodman (2009),  and Makela and Otsuka (2012). The irregularit-
ies are also called convective ionospheric storms (CIS) which may
be  more  appropriate  for  their  various  forms  of  appearance  and
underlying  physical  processes  (Kelley  et  al.,  2011).  Recently,
Yokoyama and Stolle (2017) presented a brief review of the irregu-
larities  and  reported  their  effects  on  geomagnetic  field.  Here  we
present a brief review of the studies of the irregularities at low and
mid latitudes.
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Figure 5.   Altitude-latitude variations of electron density Ne at 13:00

LT on 08 November 2004 (F10.7 = 123) modelled by SUPIM using (a)

equatorward neutral wind and quiet-time E×B drift and (b)

equatorward neutral wind and E×B drift due to eastward PPEF.

Positive latitude is north (after Balan et al., 2010). Unit of Ne is 106 cm-3

in both (a) and (b).
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3.1  Low Latitude Irregularities
First  observation  of  irregular  plasma  density  structures  in  the

ionosphere  was  reported  by Booker  and  Wells  (1938) as  diffuse

ionogram traces at the equatorial station Huancayo in Peru, which

came to be known as equatorial  spread-F or  ESF. Figure 6 shows

examples of range spread-F (spread of echoes over a range of vir-

tual  heights)  and  frequency  spread-F  (spread  in  frequency  for  a

given  virtual  height)  observed  at  Huancayo. Booker  and  Wells

(1938) interpreted correctly that the diffuse nature of  the echoes

is produced by radio wave scattering from electron density fluctu-

ations. Using the incoherent scatter (IS) radar at the equatorial sta-

tion Jicamarca, Woodman and La Hoz (1976) for the first time re-

ported plasma  density  depletions  extending  beyond  the  iono-

spheric peak in the region of strong ESF. They interpreted the de-

pletions as the bottom-side irregularities  evolving nonlinearly in-

to the topside ionosphere while forming bubble-like structures or

equatorial  plasma  bubbles  or  EPB.  They  also  suggested  that  the

bubbles will rise by the effect of buoyancy and will continue to do

so even in the (topside)  regions with gravitationally  stable gradi-

ents, provided the density inside the bubble is lower than that of

the surroundings. This qualitative theory of Woodman and La Hoz

(1976) was  soon  supported  by  numerical  simulations  (e.g., Scan-

napieco and Ossakow, 1976).

Figure  7 shows  examples  of  EPBs  observed  using  the  Gadanki

radar  in  India  and  CHAMP  satellite  (Patra  et  al.,  2013; Emmert  et

al.,  2010). The  radar  data  show  the  plasma  irregularities  origin-
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Figure 6.   Range spread-F (left) and frequency spread-F (right) at the equatorial station Huancayo (Booker and Wells, 1938).
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Figure 7.   Examples of plasma bubble observed by the Gadanki radar in India on 07 February, 2005 (top, after Patra et al., 2013) and SWARM A

satellite on 14 May, 2014; equatorial crossing time is 22:27 UT and longitude is 11° (after Emmert et al., 2010).
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ated in the bottom-side raising to high altitudes and evolving in-
to the  topside  forming  bubble-like  structures  extending  some-
times over 700 km height. It also seems to indicate that the irregu-
larities  originating  at  E-region  heights  pass  through  the  ‘forbid-
den’ region of very low plasma density, which the radar seems un-
able to detect.  The CHAMP data show clear signatures of  plasma
depletions at conjugate locations of approximately ±8° magnetic
latitudes. EPBs are also found to drift eastward as shown by an ex-
ample in Figure 8 obtained using the EAR radar in Indonesia (Ajith
et  al.,  2015).  A  bubble  formed  locally  in  the  field-of-view  of  the
radar at 19:51 LT grows in size and drifts eastward with time and
disappears from the field-of-view by 21:03 LT. EPBs have been de-
tected in optical images (Weber et al. (1978). As shown in Figure 9,
the  C/NOFS  satellite  detected  a  series  of  postsunset  plasma
bubbles  around  the  magnetic  equator  while  transiting  through
Brazilian longitude. The 630 nm imager in Brazil also detected the
plasma  bubbles. Otsuka  et  al.  (2002),  for  the  first  time,  reported
identical  optical  structures  at  conjugate  stations  beyond  the  EIA
crests that project to over 2000 km at the equator.

Scintillations of  radio  waves  passing  through  the  irregular  iono-
sphere  seem  to  have  been  reported  first  by Booker  (1956) and
studied  in  numerous  papers  (e.g., Basu  and  Basu,  1981; Bhat-
tacharyya et al., 2001; Li et al., 2007). Figure 10 shows an example

of  GPS  signal  undergoing  scintillations  and  loss  of  track.  The
schematic illustration shows the signal passing through the regu-
lar ionosphere causing range error and irregular ionosphere caus-
ing both  range  error  and  scintillations.  Numerous  papers  on  dif-
ferent aspects  of  spread-F,  plasma  bubbles  and  scintillations  un-
der magnetically quiet and active conditions have been reported
using  ionosondes,  radars,  optical  imagers,  rockets  and  satellites
(e.g., Farley et al.,  1970; Rastogi et al.,  1981; Abdu et al.,  1983; Tu-
lasi  Ram  et  al.,  2008).  Satellite  observations,  especially,  have
provided  a  clear  picture  of  the  climatology  of  the  irregularities
(e.g., Burke et al., 2004; Stolle et al., 2016; Su et al., 2006).

Plasma irregularities under magnetically active conditions show a
mixed picture. In some cases, the irregularities occur and intensify
while in some other cases they are inhibited (Aarons,  1991). Dur-
ing the Halloween super storms on 29–30 October, 2003, Sahai et
al.  (2009) reported  that  plasma  bubbles  are  generated  at  the
equator and extended to ~33°S magnetic latitudes in South Amer-
ican sector, which maps to ~2500 km over the equator. Tulasi Ram
et al. (2008) who studied the irregularities in Indian sector during
five  storms  reported  intensification  in  some  cases  and  inhibition
in  other  cases. Basu  et  al.  (2010) who studied  the  longitude  de-
pendence of  VHF scintillations during the main phase (MP) of  30
large storms  reported  their  occurrence  in  limited  longitude  sec-
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Figure 8.   Locally generated bubble drifts eastward in the field of view of the EAR radar in Indonesia (after Ajith et al., 2015).
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tors  and  inhibition  in  other  sectors.  Recently, Madhav  Haridas  et

al. (2013) demonstrated the modulation of the growth rate of CRT

instability and consequent impact on spread-F occurrence by the

enhanced neutral  densities  during  magnetically  disturbed  peri-

ods.

The general features of the irregularities are listed here.

● Plasma irregularities generally occur after ~19:30 LT and contin-

ue for about an hour to several hours and sometimes until sunrise.

● Post-sunset  irregularities  are  frequent,  intense  and  last  longer

centered around the magnetic equator at equinoxes especially at

high solar activity.

● In summer  and  at  low  solar  activity,  weak  irregularities  gener-

ally occur after midnight.

● The  irregularities  usually  start  appearing  in  the  bottom-side

ionosphere  when  it  raises  above  a  threshold  height  that  varies

with various geophysical conditions.

● The irregularities quickly rises to high altitudes well beyond the

ionospheric peak, sometimes over 2000 km at the equator.

● As  the  irregularities  rise  in  height  they  become  aligned  along

the geomagnetic  field  lines  covering  up  to  ±30°  magnetic  latit-

udes in extreme cases.

● The  irregularities  usually  drift  eastward  with  velocity  of  100  to

200 m·s–1.

● The  irregularities  causing  spread-F  can  originate  at  latitudes

away  from  the  equator  though  they  do  not  result  in  plasma

bubbles.

● Geomagnetic activity intensifies the irregularities in some cases

and inhibits them in other cases.

3.2  Theory and Modeling
(1) Theory

The  plasma  irregularities  at  equatorial  and  low  latitudes  where

geomagnetic  field  lines  are  horizontal  are  thought  to  originate

through the collisional Rayleigh-Taylor (RT) instability mechanism

(Dungey, 1956; Balsley et al., 1972), similar to the usual RT instabil-

ity of a system of a heavy fluid (dense F layer) resting on top of a

light  fluid  (weak  E  layer).  The  mechanism  that  makes  it  collision-

dominated is  the  post-sunset  height  rise  that  raises  the  iono-

sphere from its low altitude/high collision/low energy stable state

to high altitude/low collision/high energy unstable state.

The paper entitled “Equatorial Spread F: Recent Observations and

a  New  Interpretation”  by Balsley  et  al.  (1972) identified the  colli-

sion-dominated RT (CRT) instability mechanism, which was exten-

ded by Haerendel (1972). Unlike the earlier mechanisms (see Far-

ley et al., 1970), the CRT mechanism could account for most of the
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Figure 9.   Example of plasma bubble observed by C/NOFS satellite and 630 nm imager (Courtesy of INPE Brazil researchers).
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observed features of the irregularities such as (1) their close correl-

ation with the height of the bottom-side F layer, (2) their appear-

ance both below and above the F layer peak, and (3) their persist-

ence after the F layer starts drifting downward. The CRT mechan-

ism in essence is —The post-sunset upward motion of the equat-

orial ionosphere produces severe plasma density depletions in its

bottom-side where  contours  of  constant  plasma  density  experi-

ence  irregular  vertical  upward  and  downward  motions.  In  other

words, plasma  irregularities  develop.  Because  the  E  region  has

already become weak,  these irregularities are not short-circuited.

They drift to higher heights with a growth rate (Scannapieco and

Ossakow, 1976, equation (3), and Vz added):

γ = (1/L) · (Vz−g/νin)−β, (1)

where  the  term  involving Vz is  the  cross-field  instability  which

dominates  in  the  bottom-side.  The  term  involving g/νin is  the

gravity-cum-collisional instability.  This  term  increases  exponen-

tially with height due to the decrease of  ion-neutral  collision fre-

quency νin and dominates above about 400 km. β is the recombin-

ation rate. L = (1/Ne)×(dNe/dz) is plasma density scale height. The

most  important  parameter  is νin which determines the dominant

role  of  the  height  of  the  F  layer.  The  role  of Vz is  such  that  the

greater its value, the faster the height rise and hence the quicker

the decrease of νin and faster the growth of the irregularities. The

cross-field  instability  and  gravity-cum-collisional  instability  are  in

opposite  directions  and  hence  the  negative  sign  for  the  later  in

equation (1).  The theory involving both Vz and g/νin is referred to

as the generalized RT instability.

The main driver that raises the ionosphere in height is the pre-re-

versal  strengthening  of  the  eastward  electric  field  (e.g., Heelis  et

al., 1974) which causes the pre-reversal enhancement (PRE) of the

vertical upward E×B plasma drift velocity Vz (e.g., Fejer et al., 1979;

Namboothiri et al., 1989). As observed by the IS radar at Jicamarca,

the irregularities appear when the bottomside F layer rises above

a threshold height  (Farley  et  al.,  1970).  The threshold height  was

found  to  depend  largely  on  solar  activity.  As  observed  by  a  HF

Doppler radar at 5.5 MHz (Balan et al., 1992), the virtual threshold

height (Figure 11) decreases from about 450 km in 1984 to 350 km

in 1985 due to the decrease in νin (Jayachandran et al., 1993).

In  addition  to  the  threshold  height  of  the  bottom-side,  some

seeding  force  was  also  considered  necessary  to  accelerate  the

growth  rate  of  the  generalized  CRT  instability  (e.g., Kelley  et  al.

1981). A  possible  seed mechanism was detected by the HF Dop-

pler radar in its high (1-minute) resolution mode of operation. As

shown in Figure 12, the vertical drift velocity Vz always fluctuates

and the fluctuations are amplified during PRE (Balachandran Nair

et  al.,  1992).  The  spectra  of  the  fluctuations  obtained  on  several
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Figure 11.   The threshold virtual height h’ and corresponding vertical drift velocity Vz at the time of onset of ESF arranged in decreasing order of
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days indicate  that  the dominant  fluctuation generally  has  a  peri-

od  around  30  minutes.  Such  fluctuations  in Vz due  to  gravity

waves including large scale waves (LSW) are thought to act as the

seed  for  the  onset  of  the  irregularities  (e.g., Prakash,  1999; Tsun-

oda et al., 2010; Kelley and Dao, 2017).

As the irregularities rise in height they extend along the geomag-

netic field  lines  covering  up  to  ±30°  magnetic  latitudes  in  ex-

treme  cases.  The  interhemispheric  neutral  wind  that  makes  the

equatorial ionization anomaly (EIA) asymmetric affects the devel-

opment  and  growth  of  the  irregularities.  An  equatorward  wind

having negative latitude gradient contributes to destabilizing the

ionosphere while a poleward wind does the opposite. The gener-

alised  growth  rate  of  the  irregularities  then  has  to  use  the  field-

line  integrated  values  of  the  parameters  as  (Zalesak  et  al.,  1982,

equation (45), and RT added)

γGD = (Vz−Un−g/νin) ·ΣE
p /[Σ

E,S
p +Σ

E
p +Σ

E,N
p ] · (∆NT/NT)−RT.

(2)

The  first  three  terms  (in  bracket)  are  the  drift  velocities  due  to

electric  field,  neutral  wind  and  gravity-cum-collision  frequency,

and  last  term RT is the  recombination  rate.  The  middle  factor  in-

cludes Pederson conductivities Σp
E and Σp

F of E and F regions and

flux-tube content NT and its gradient ΔNT. The effect of this factor

is such that the growth rate increases when Σp
E sharply decreases

around  sunset  due  to  dissociative  recombination  of  molecular

ions  (Sultan,  1996).  This  also  explains  the  seasonal/longitudinal

preference for the irregularity occurrence when the magnetic field

declination  is  aligned  with  the  solar  terminator  (e.g., Tsunoda,

1985).

Further  developments  in  the  theoretical  understanding  started
with  the  observation  by Kudeki  and  Bhattacharyya  (1999) of  the
existence of  a  vortex  in  the  plasma  drift  in  bottom-side  iono-
sphere with westward drift  in the lower side right before the on-
set of ESF, which is reproduced in Figure 13. The counter stream-
ing of  westward plasma drifts  and eastward neutral  winds at  the
bottom  of  the  F-region  can  provide  another  important  energy
source  for  creating  instabilities.  Later, Kudeki  et  al.  (2007) ob-
tained comparable  growth  times  using  a  linear  non-local  ap-
proach including altitude dependent gradients, collision frequen-
cies  and  sheared  plasma  drifts.  They  emphasized  that  it  is  the
counter streaming  rather  than  the  shear  that  is  mainly  respons-
ible  for  the  instability.  They  also  postulated  that  the  counter
streaming can also  provide the seed to  the GRT instability  for  its
growth and non-linear development. The importance of the wind
is such that it is responsible for (a) the PRE and consequent uplift
of the  F-layer  to  more  unstable  altitudes,  (b)  the  downward  re-
versal of Vz and (c) as a source of instabilities that seed their devel-
opment.

At low solar activity especially in summer when PRE is absent, the
plasma  irregularities  generally  occur  at  around  midnight  (e.g.,
Narayanan et al., 2014; Tulasi Ram et al., 2014) as shown in Figure
14 (Otsuka et al., 2012). They are thought to be caused mainly by
the electric field fluctuations due to atmospheric gravity waves in-
cluding LSW propagating to ionospheric heights (e.g., Tsunoda et
al., 2010). The waves originating in convective regions around the
equator during daytime grow easily in amplitude as they propag-
ate upward through the rarefied atmosphere and reach high alti-
tudes at  later  times (late night)  at  low solar  activity  compared to
high  solar  activity.  The  slow  varying  LSW  can  act  as  both  driver
and seed during post-midnight hours when the fast varying PRE is
absent. The plasma density after  postsunset hours is  also low es-
pecially  at  solar  minimum,  which  could  also  contribute  to  the
growth of the irregularities through the scale height factor.

During  geomagnetic  storms  additional  drivers  arise  due  to  solar
wind-magnetosphere-ionosphere  coupling,  which largely  modify
the  back-ground  ionosphere-thermosphere  system  (e.g, Balan  et
al.,  2010, 2013). The  additional  drivers  include  prompt  penetra-
tion  electric  field  (PPEF)  from  high  latitudes  (Rastogi,  1977), dis-
turbance dynamo electric  field  (DDEF)  due to storm-time neutral
wind, and storm-time equatorward neutral winds and waves. The
PPEF is eastward/westward for southward/northward IMF Bz until
around 19:00 LT and the directions reverse afterwards (Kikuchi et
al.,  1978).  The  DDEF  on  the  other  hand  is  westward  on  dayside
and  eastward  on  night  side  (Blanc  and  Richmond,  1980).  The
storm-time winds and waves are equatorward and westward (Bal-
an  et  al.,  2011). Depending  mainly  on  the  time  of  onset  of  geo-
magnetic  storms,  the  additional  drivers  can  become  in  phase  or
out of phase with quiet-time drivers, which results in a highly un-
predictable situation for the occurrence of the irregularities.

The day-to-day variability of the irregularities is such that even at
around the peak of the equinox season when the irregularities oc-
cur  on  most  nights  they  do  not  occur  on  some  nights  even
though  PRE  and  altitude  exceed  their  threshold  values  (e.g., Jay-
achandran  et  al.,  1987; Balan  et  al.,  2018).  Attempts  have  been
made to forecast the occurrence of the irregularities several hours
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in  advance.  For  example, Thampi  et  al.  (2006) used  the  strength

and asymmetry of afternoon EIA with some success. Recently, An-

derson and Redmon (2017) used h’F1930 (minimum virtual  height

of bottom-side at 19:30 LT) with 80% success. Aswathy and Manju
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Figure 14.   Plasma irregularities in month-local time frame observed by VHF radar (after Otsuka et al., 2012).
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(2018) used an empirical approach to hindcast equatorial spread F
irregularities in the electrodynamical regime with ~96% success.

(2) Modelling
As mentioned above, to explain the first plasma bubble observed
above the ionospheric peak using the Jicamarca radar, Woodman
and  La  Hoz  (1976) proposed  that  the  bottom-side  irregularities
evolve  nonlinearly  into  the  topside  ionosphere  while  forming
EPBs. The concept of EPB penetrating to the topside was suppor-
ted  by  2-D  numerical  simulations  on  magnetic  equatorial  planes
(Scannapieco  and  Ossakow,  1976; Zalesak  et  al.,  1982)  and  has
been widely accepted. In earlier models using steady Vz, the seed
for the onset of the irregularities has been artificially introduced as
a small initial perturbation (5%) of the electron density contours.

The artificial seeding can be avoided when actual Vz having natur-
al  fluctuations  (due  to  gravity  waves)  of  sufficient  amplitude  as
observed (e.g., Figure 12) is  used. Figure 15 (left  panel)  shows an
example of  plasma bubble simulated by Sekar et  al.  (1995) using
0.5% initial perturbation and fluctuating Vz; it corresponds to 1200
seconds  after  the  start  of  simulation.  The  right  hand  panel  of
Figure  15 is  from Huang  and  Kelley  (1996) who  simulated  the
plasma bubble using fluctuating Vz and no initial  perturbation;  it
corresponds to 1920 seconds after the start of simulation. In both
cases,  the  irregularities  originate  in  the  bottom-side  and  evolve
non-linearly into the topside,  illustrating the importance of  grav-
ity wave seeding of plasma irregularities.

Recently,  various  3-D  numerical  models  have  been  available  to
study the plasma irregularities (e.g., Huba et al.,  2008; Aveiro and
Hysell,  2011). Figure  16 is  an  example  of  EPB  development
modeled  using  the  3-D  HIRB  (high  resolution  bubble)  model
(Yokoyama  et  al.,  2014).  A  sinusoidal  perturbation  as  an  initial
seeding is  applied by raising the density profile  perpendicular  to
the magnetic field. As the bubble rises up in height at the equator,
they extend  along  the  horizontal  plane,  and  the  bubble  bifurc-
ates  into small  scale  structures  in  the topside.  As  commented by
Yokoyama and Stolle (2017), regional models such as HIRB are not

capable  of  simulating  a  realistic  background  condition  in  which,
for example, a nighttime (daytime) condition should be applied at
the  eastern  (western)  boundary  around  the  dusk  terminator.  To
overcome  the  shortcoming  of  the  regional  models,  significant
progress could be achieved by integrating them into global atmo-
sphere-ionosphere coupled  models,  in  which  all  necessary  para-
meters are  available  without  specific  boundary  conditions.  Re-
cent numerical  simulations  initialized  by  observational  data  be-
fore  the  onset  of  EPBs  have  successfully  reproduced  the  day-to-
day variability of EPB occurrence (Hysell et al., 2014).

Earlier model calculations of the growth rate have predicted a low
latitude minimum for the occurrence of  the irregularities.  For ex-
ample, Maruyama (1990) who calculated the growth rate of both
the gravitational and cross-field instability modes using flux tube
integrated values (without neutral  wind) showed that the net in-
stability growth rate at March equinox under medium solar activ-
ity  (F10.7 =  120)  is  negative  in  a  narrow  latitude  region  near  18°
magnetic latitudes. At lower and higher latitudes, the ionosphere
becomes unstable. The possibility of the minimum has also been
indicated  by  the  observations  of  mid-latitude  MSTIDs  (Shiokawa
et al., 2002), which show a low-latitude limit for their propagation
at ~18°N magnetic  latitudes at  high solar  activity  (1999);  and the
limit  extends  to  further  lower  latitudes  at  low  solar  activity  (e.g.,
Narayanan et al., 2014).

3.3  Mid Latitudes Irregularities
Plasma  irregularities  have  been  observed  at  mid  latitudes  as
shown in Figure 17. Bowman made extensive studies of mid latit-
ude  irregularities  which  were  summarised  in  his  review  article
(Bowman,  1990). Whalen (2002) studied the spread-F  occurrence
at  a  chain  of  stations  up  to  20°  magnetic  latitudes  in  American
sector. Fukao et al. (1991) studied the F-region plasma irregularit-
ies observed by the MU (middle and upper atmosphere)  radar in
Japan.

The plasma irregularities at mid latitudes were first thought to be
associated  with  atmospheric  gravity  waves  (e.g., Bowman,  1990;
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Figure 15.   Plasma bubbles simulated by Sekar et al. (1995) using 0.5% initial perturbation and fluctuating drift velocity due to gravity waves
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Kelley  and  Fukao,  1991)  and  later  with  medium-scale  travelling

ionospheric (atmospheric) disturbances (MSTIDs) (e.g., Makela and

Otsuka,  2012).  The  mechanism  that  relates  the  mid  latitude

plasma irregularities to its source (e.g., MSTID) is the so-called Per-
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kins  instability  (Perkins,  1973)  which takes  the form of  rising and
falling  sheets  of  ionization  when  a  north-south  electric  field  is
present in addition to the east-west field. Hamza (1999) updated
the Perkins equations by adding neutral wind. Recent understand-
ing is  that the electro-dynamical  coupling between the E-  and F-
regions  plays  an  important  role  in  enhancing  the  growth  rate  of
Perkins instability (e.g., Tsunoda and Cosgrove, 2001). The instabil-
ity has a linear growth rate (Tsunoda, 2006; Yokoyama and Stolle,
2017).

γ = (|E|cos I) [sin(θ−α) sinα]/BH, (3)

where E = E0 + U F×B is  total  effective  electric  field  with E0 being
the background field; U F is F-region neutral wind, B is geomagnet-
ic field of magnitude B, I is magnetic inclination angle, H is atmo-
spheric scale height including ion-neutral collision frequency, θ is
the  angle  between E and  east  direction,  and α is  the  angle
between the direction normal to the frontal structure and east dir-
ection.  A  maximum  in  the  growth  rate γ is  expected  to  occur  at
the location where α = θ/2. Such a maximum is also expected from
the latitude  variation  of  MSTIDs  which  have  maximum  occur-
rence at mid latitudes and no occurrence at latitudes below ~18°N
magnetic latitudes at high solar activity (Shiokawa et al., 2002).

As discussed  in  Sections  2  and  3,  theoretical  models  have  pre-
dicted a low-latitude minimum (e.g., Maruyama, 1990) and a mid-
latitude  maximum  (e.g., Tsunoda,  2006)  for  the  occurrence  of
plasma  irregularities.  The  location  of  the  spread-F  minimum  has
recently  been identified by analysing the ionosonde data  at  four
low  to  mid  latitude  locations  (17.0°N,  21.2°N,  26.5°N  and  36.5°N
magnetic  latitudes)  in  Japan  longitude  sector  (~135°E)  in
March–April  2002,  2003,  and  2006  (high,  medium  and  low  solar
activity).  As  shown  in Figure  18,  the  spread-F  occurrence  under
medium  solar  activity  (2003)  has  a  minimum  (30%)  near
Yamagawa  (21.2°N)  and  maximum  (60%)  near  or  beyond
Wakkanai  (36.5°N);  and  the  occurrence  on  the  equatorward  side
(Okinawa, (40%) is greater than that at the minimum. Considering
all  three levels  of  solar  activity,  the spread F minimum occurs  on
the  poleward  side  of  the  EIA  crest  and  shifts  equatorward  from
~25°N magnetic latitudes at high solar activity to 17°N at low sol-
ar activity (Balan et al., 2018). The corresponding spread-F maxim-
um occurring on the poleward side of the minimum is also found
to  shift  equatorward  from  ~35°N  (or  beyond)  at  medium  solar
activity  to  20°N–25°N  at  low  solar  activity,  and  no  spread-F  was
observed  on  the  poleward  side  of  the  minimum  at  high  solar
activity.  The  spread-F  at  latitudes  equatorward  of  the  minimum
seems to be of CRT mechanism while that on the poleward side is
mainly of Perkins mechanism.

4.  Summary
A brief review has been presented on the recent developments in
the understanding  of  two  major  phenomena  in  Earth’s  iono-
sphere at low to mid latitudes —The equatorial ionization anom-
aly (EIA) and involved equatorial plasma fountain (EPF) and iono-
spheric irregularities. The main points are summarised.

4.1  Equatorial Ionization Anomaly
The EIA develops in the morning,  continues to exist  well  beyond
sunset and covers up to half the global area in 24 hours. Though

theoretical  models  have  reproduced  the  EIA  and  its  variations
long  ago,  the  easy-to-understand  misinterpretations  of  the  EPF
and  EIA  have  caused  misunderstandings  both  under  quiet  and
active conditions. The misunderstandings are clarified.

It  is  clarified  that  the  EPF  is  not  upward E×B plasma  drift  at  the
equator  followed  by  downward  plasma  diffusion  along  the  field
lines,  but  it  is  field  perpendicular E×B plasma  drift  and  field-
aligned plasma diffusion acting together all along the field lines at
all  altitudes,  and plasma flowing in the direction of the resultant.
The  EIA  is  formed  not  from  the  accumulation  of  plasma  at  the
crests  but  mainly  from  the  removal  of  plasma  from  around  the
equator  by  the  upward E×B drift creating  the  trough  and  con-
sequently  the  crests  with  small  accumulation  at  the  crests  when
the crests are within ~±20° magnetic latitudes and no accumula-
tion when they are  beyond ~±25°.  The time required for  the  de-
velopment of EIA is less than the time expected from the easy-to-
understand misinterpretations.

During early  stages of  the daytime (around noon)  main phase of
major geomagnetic storms the plasma fountain becomes a super
fountain  and  EIA  becomes  strong  not  due  to  eastward  prompt
penetration  electric  field  (PPEF)  alone  but  due  to  the  combined
impulsive action of both eastward PPEF and storm-time equator-
ward winds (SEW). SEW (with normal electric field) alone can pro-
duce strong EIA while PPEF alone is unlikely.

4.2  Ionospheric Irregularities
Ionospheric irregularities generally appear as spread-F after 19:30
LT and  continue  for  about  one  hour  to  several  hours  and  some-
times  until  sunrise.  Generally,  intense  irregularities  occur  at  high
and  medium  solar  activity  in  the  equatorial  ionosphere  where
geomagnetic field lines are horizontal  and weak irregularities oc-
cur at higher latitudes where field lines are inclined. The intense ir-
regularities  develop  in  the  post-sunset  bottom-side  ionosphere
when  it  raises  to  high  altitudes,  and  evolve  nonlinearly  into  the
topside as  plasma  bubbles.  Radio  waves  passing  through  the  ir-
regularities undergo scintillations having adverse effects on com-
munication and navigation.

Pre-reversal  enhancement  (PRE)  of  the  vertical  upward E×B drift
and its fluctuations amplified during PRE provide the driving force
and seed  for  the  collisional  RT  instability  mechanism  for  the  in-
tense irregularities, with neutral wind and gravity waves being the
primary sources. The neutral wind in the bottom-side itself seems
to do  the  job  of  seeding.  At  low  solar  activity  especially  in  sum-
mer when the fast varying PRE is absent, the slow varying gravity
waves  including  large  scale  waves  (LSW)  seem  to  act  as  both
driver and  seed  for  weak  irregularities.  Geomagnetic  activity  in-
tensifies the irregularities in some cases and inhibits them in oth-
er cases.  At  mid  latitudes,  the  irregularities  are  weak  and  associ-
ated with medium scale traveling ionospheric disturbances (MST-
IDs) through Perkins instability mechanism.

Theoretical models have predicted a low latitude minimum and a
mid-latitude maximum for the occurrence of the irregularities. The
locations of the minimum and maximum are identified using the
ionosondes in Japan longitude. The minimum occurs on the pole-
ward side of the EIA crest and shifts equatorward from ~25° mag-

Earth and Planetary Physics       doi: 10.26464/epp2018025 271

 

 
Balan N et al.: Brief review of EIA and ionospheric irregularities

 



netic latitudes at high solar activity to below 17° at low solar activ-
ity. The corresponding mid-latitude maximum also shifts equator-
ward with decreasing solar activity.

The  studied  of  the  irregularities  need  to  be  continued  for  an  in
depth  understanding  of  their  day-to-day  variations  to  reach  a
level  of  forecasting  capability.  One  possible  approach
seems—continuously  monitor  the  state  of  the  ionosphere  and
thermosphere from mesopause level and incorporate the current
states into models to simulate the irregularities. With such an ap-
proach for one spread-F season, by observing the states alone un-
til 15:00 LT, it could most probably be possible to forecast weath-
er the (intense) irregularities are going to occur or not.
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