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Key Points:
The equatorial eastward electric fields near sunrise decrease with an increase in solar activity regardless of the longitude and season.●

This solar cycle dependence is related to the F-region dynamo resulting from the stronger responses of conductivity and zonal winds
in the F-region.

●

As solar activity increases, the F-region zonal wind dynamo produces westward electric fields at sunrise to offset the sunrise
enhancement induced by the E-region dynamo.

●
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Abstract: In this study, we investigate the solar cycle dependence of the sunrise ionospheric zonal electric fields at the equator under
geomagnetically quiet conditions. Simulations using the Thermosphere–Ionosphere–Electrodynamics General Circulation Model
(TIEGCM) reveal that the equatorial eastward electric field at sunrise decreases with the increase in solar activity, independent of
longitude, season, and lower atmospheric tides. The solar cycle dependence of the sunrise zonal electric field is mainly related to the
zonal wind dynamo. Moreover, this solar cycle dependence of sunrise electric fields at the equator is dominated by the corresponding
variation in the F-region dynamo because the response of conductivity and neutral winds near sunrise to increasing solar flux is stronger
in the F-region than in the E-region, although the sunrise eastward enhancement of electric fields is mainly driven by the E-region zonal
wind dynamo. Specifically, the westward gradient of low-latitude F-region neutral winds near the dawn terminator tends to produce
westward electric fields in the equatorial region that are more pronounced at solar maximum, whereas the midlatitude E-region dynamo
induces an eastward enhancement of sunrise electric fields at the equator that decreases slightly with increasing solar activity. This study
also reveals that the reason the eastward enhancement of equatorial zonal electric fields near dawn and dusk terminators show opposite
solar cycle dependence is because of their different generation mechanisms.
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 1.  Introduction
Solar radiation plays a significant role in the coupled thermosphere

–ionosphere  system  of  the  Earth.  An  enhancement  in  solar

extreme  ultraviolet  (EUV)  radiation  increases  the  daytime  ion

production  (Rishbeth  and  Garriott,  1969)  and  the  ionospheric

plasma density (Wright, 1962; De Adler et al., 1997; Richards, 2001),

which enhances Pedersen and Hall conductivities (e.g., Baker and

Martyn, 1953; Kelley, 2009). The change in solar EUV radiation also

alters  the  heat  input  to  the  terrestrial  thermosphere  and  causes

variations  in  neutral  density  and temperature  (Hagan and Oliver,

1985; Hedin and Mayr, 1987, and references therein). These varia-
tions then change both the neutral pressure gradient and the ion
drag to affect the neutral  wind velocity in the geographic height
coordinates.  Furthermore,  solar  cycle  variations  in  ionospheric
conductivity  and  thermosphere  winds  (Hedin  et  al.,  1994; Drob
et al., 2015) induce corresponding changes in the dynamo electric
fields (Fejer et al., 1979, 1991, 2008) by ionospheric electrodynam-
ics (Richmond, 1995a; Heelis, 2004).

Although  the  understanding  of  ionospheric  zonal  electric  fields
near  sunrise  has  improved  over  the  past  three  decades,  these
electric  fields  have  not  received  as  much  attention  as  those  at
other local times (LTs) because long-term averaged observational
results near 6:00 LT are complicated by the transition between the
nighttime  westward  and  daytime  eastward  electric  fields  (Fejer
et al., 1979, 1991, 2008; Kil et al., 2009). Recently, increased atten-
tion  has  been  given  to  the  sunrise  eastward  enhancement  of
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zonal  electric  fields  with  a  magnitude  of  0.5–2.0  mV/m  between
4:00 and 8:00 LT, in the form of case studies (Aggson et al.,  1995;
Kelley  et  al.,  2014; Zhang  RL  et  al.,  2016),  statistical  analyses
(Zhang  RL  et  al.,  2015),  and  numerical  simulations  (Liu  HL  and
Richmond, 2013; Chen JJ et al., 2020, 2021b).

Observations by the Republic of China Satellite 1 (ROCSAT-1) indi-
cate  that  long-term  average  sunrise  equatorial  electric  fields
become more westward at solar maximum under most longitudi-
nal  and  seasonal  conditions  (Fejer  et  al.,  2008; Kil  et  al.,  2009).
However, these long-term average results tend to smooth out the
sunrise eastward  enhancement,  although  its  frequency  of  occur-
rence  was  reported  as  approximately  30%  in  a  statistical  study
based on the same data  (Zhang RL et  al.,  2015).  Hence,  the solar
cycle  variation  in  the  sunrise  enhancement  needs  further  study.
Simulation  studies  have  shown  that  the  magnitude  of  sunrise
electric  fields,  as  well  as  the  equatorial  sunrise  enhancement,
actually  decreases  with  increasing  solar  activity  when  driven  by
lower  atmospheric  tides  (Liu  HL  and  Richmond,  2013; Fang  TW
et  al.,  2014).  However,  these  simulations  have  not  taken  into
account  the  solar  cycle  variation  of  the  sunrise  electric  fields  for
different  longitudinal,  seasonal,  and  tidal  conditions.  In  addition,
physical  processes contributing to the solar cycle dependence of
sunrise electric fields have never been quantitatively assessed.

The Thermosphere–Ionosphere–Electrodynamics General Circula-
tion  Model  (TIEGCM)  is  a  first-principles,  time-dependent,  three-
dimensional  model  of  the  coupled  thermosphere–ionosphere
system  (Roble  et  al.,  1988; Richmond  et  al.,  1992)  that  enables
studies  of  the  sunrise  eastward  enhancement  of  zonal  electric
fields.  The  TIEGCM  was  able  to  reproduce  a  strong  sunrise
enhancement event observed by the Jicamarca incoherent scatter
radar near the June solstice at solar minimum (Chen JJ et al., 2020).
That  study  also  revealed  that  the  midlatitude  E-region  dynamo
could be a  major  source of  equatorial  sunrise  enhancement.  The
TIEGCM-simulated longitudinal  variation  in  the  sunrise  enhance-
ment is also generally consistent with the ROCSAT-1 observations
(Zhang  RL  et  al.,  2015; Chen  JJ  et  al.,  2021b).  Therefore,  the
TIEGCM is an effective tool to further explore the solar cycle varia-
tion in the sunrise electric fields and its associated physical mech-
anisms.

In  this  study,  we  first  compare  the  solar  cycle  variation  in  quiet-
time  zonal  electric  fields  near  sunrise  under  different  seasonal,
longitudinal,  and  tidal  conditions.  We  then  utilize  a  controlled-
variable  method  to  analyze  the  solar  cycle  variation  in  electric
fields driven by different  wind dynamo sources.  Finally,  we diag-
nostically  analyze  in  detail  the  effect  of  solar  cycle  changes  in
neutral  winds  and  conductivity  at  different  altitudes  on  the
sunrise electric field variation.

 2.  Methodology

ln(p0/p)
p p0

This  study  uses  the  TIEGCM  version  2.0,  which  has  a  horizontal
resolution of 2.5° × 2.5° in geographic longitude and latitude and
a  vertical  resolution  of  1/4  scale  height  in  pressure  surface.  The
pressure surface is defined as  ranging from −7 to 7, where

 is neutral pressure and  is a reference pressure of 5 × 10−7 hPa.
The  lower  boundary  is  approximately  97  km  and  the  upper
boundary  is  approximately  450−700  km,  depending  on  solar
activity. The lower boundary atmospheric tides were provided by

the empirical Global Scale Wave Model (Hagan and Forbes, 2002,
2003). The cross-polar cap potential was set to 0 to eliminate the
impacts of ionospheric convection patterns at high latitudes.

∇ ⋅ JJJ = 0

EEE
JJJ

Without high-latitude convection, the equatorial ionospheric elec-
tric potentials and electric fields were determined by the E- and F-
region neutral  wind dynamos (Richmond, 1995a; Chen JJ and Lei
JH, 2019). Electric potentials were calculated in a dynamo module
by  solving  the  electrodynamics  equation  assuming  divergence-
free  currents  ( )  (Richmond,  1995b; Richmond  and  Maute,
2014).  The  polarization  electric  field  ( )  and  total  current  density
( ) in the ionosphere can be expressed as follows:

EEE = −∇Φ, (1)

JJJ = σP (EEE + UUU × BBB) + σHbbb × (EEE + UUU × BBB) , (2)

Φ

bbb

BBB σP σH
UUU

where  is the electric potential that is assumed to be equal along
the  geomagnetic  field  line;  is  the  unit  vector  parallel  to  the
geomagnetic field ;  and  are the Pedersen and Hall conduc-
tivities; and  is the horizontal neutral wind on a constant pressure
surface.  The  TIEGCM-simulated  neutral  winds  were  generally
consistent  with  observations  (Lei  JH  et  al.,  2007; Luan  XL  and
Solomon,  2008; Jiang  GY  et  al.,  2018),  which  was  essential  to
isolate the contribution of the wind dynamo to the electric fields.
Finally, the electric potential was obtained by solving the electro-
dynamics equation expressed by

∇ ⋅∫ N

S
(σP∇Φ+ σHbbb×∇Φ)ds = ∇ ⋅∫ N

S
[σPUUU× BBB+ σHbbb× (UUU × BBB)]ds, (3)

UUU × BBB

(UUU × BBB)⊥x (UUU × BBB)⊥y x y(UUU × BBB)⊥x(UUU × BBB)⊥y Uy

Ux

(UUU × BBB)⊥y (UUU × BBB)P⊥y

where  the  field-aligned  integral  is  along  geomagnetic  field  lines
between southern (S) and northern (N) foot points at a 90 km alti-
tude.  The  expression  includes  eastward  and  poleward  or
upward  components  perpendicular  to  the  geomagnetic  field,
namely,  and ,  where  the  subscripts  and 

represent  zonal  and  meridional  directions.  Here,  and
 correspond to the dynamo effects of meridional ( ) and

zonal winds ( ), respectively. The overall effect of the zonal wind
dynamo  from  different  altitudes  on  electric  field  generation  can
be  roughly  represented  by  the  hemispheric  height-integrated

Pedersen conductivity-weighted , , defined as

(UUU × BBB)P⊥y = ∫ hu

hl
σP (UUU × BBB)⊥ydh/ΣP, (4)

ΣP = ∫ hu

hl
σPdh, (5)

hl
hu ΣP(UUU × BBB)P⊥y (UUU × BBB)⊥y

where  the  height  integral  is  from  the  lower  boundary  ( )  to  the
upper boundary ( );  is the hemispheric Pedersen conductance;

and  is  close  to  the  value  of  in  the  altitudinal

range with high Pedersen conductivity, which is usually located in
the  E-region  during  the  daytime  and  in  the  F-region  at  night
(Heelis,  2004).  Note  that  Hall  conductivity  always  peaks  in  the
E-region.

In this study, TIEGCM runs were conducted to investigate the solar
cycle  variation  of  the  equatorial  zonal  electric  field  near  sunrise
and the relative contribution of different physical processes. First,
three standard  simulations  were  conducted  with  lower  atmo-
spheric  tides  specified  at  the  lower  boundary  and  different  solar
activity  conditions  (F10.7 =  70,  130,  and  200)  to  produce  overall
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solar  cycle  changes  in  the  equatorial  zonal  electric  field  near
sunrise.  Three  simulations  were  then  run  without  tides  at  the
lower boundary to analyze the tidal effects. The runs without tides
at  solar  minimum  (F10.7 =  70)  and  maximum  (F10.7 =  200)  are
labeled  F070STD  and  F200STD  for  reference  in  later  analyses.  To
isolate  the  influence  of  different  dynamo  electric  fields  between
solar minimum and solar maximum, a series of controlled numeri-
cal  experiments  were  performed  using  a  controlled-variable
method developed in previous studies (Dang T et al.,  2016; Chen
JJ and Lei JH, 2019; Chen JJ et al., 2020).

Table  1 presents  the  detailed  model  settings  for  all  controlled
simulations. Electric fields in F070STD or F200STD were generated
by  the  dynamo  effects  of  both  zonal  and  meridional  winds.  To
compare solar cycle variations of the electric field driven by zonal
and  meridional  wind  dynamos,  two  controlled  simulations
(F070MW0  and  F200MW0)  were  performed.  In  F070MW0  and
F200MW0, meridional winds were set to 0 so that only the current
generated  by  zonal  winds  was  included  in  the  dynamo  module.
Because the total dynamo electric fields in F070STD and F200STD
were  the  linear  summation  of  the  dynamo  effects  of  zonal  and
meridional winds, the difference between F070STD and F070MW0
(F200STD  and  F200MW0)  gave  the  dynamo  electric  field  driven
only  by  the  meridional  wind  dynamo  at  solar  minimum  (maxi-
mum). Additionally, F070ZWE0 and F200ZWE0 were conducted in
a  similar  way  to  further  isolate  the  effects  of  the  zonal  wind
dynamo  in  the  E-region  and  F-region.  In  F070ZWE0  and
F200ZWE0,  meridional  winds  and  E-region  zonal  winds  were  set
to  0  so  that  only  the  current  generated  by  F-region  zonal  winds
was  included  in  the  dynamo  module.  The  difference  between
F070MW0  and  F070ZWE0  (F200MW0  and  F200ZWE0)  gave  the
dynamo  electric  field  driven  only  by  the  E-region  zonal  wind
dynamo at solar minimum (maximum). Finally, we investigated in
detail  how  solar  cycle  variations  in  conductivity  and  zonal  winds

at  different  altitudes  cause  the  solar  cycle  dependence  of  the

F-region  zonal  wind  dynamo  by  running  simulations  based  on

F070ZWE0  with  only  retaining  F-region  zonal  wind  dynamo  but

replacing F-region conductivity (F070COFr) or E-region conductiv-

ity (F070COEr)  or  F-region  zonal  winds  (F070ZWFr)  at  solar  mini-

mum with that from F200STD.

 3.  Results

 3.1  The Solar Cycle Variation in Equatorial Zonal Electric

Fields Near Sunrise
Figure 1 shows the temporal variations in equatorial zonal electric

fields at the June solstice (day of year 173) at solar minimum and

maximum with tidal effects. The June solstice is used as an example

because  the  sunrise  enhancement  of  equatorial  zonal  electric

fields has a large occurrence rate and magnitude in observations

(Zhang  RL  et  al.,  2015).  The  sunrise  eastward  enhancement  in

equatorial  zonal  electric  fields  lasts  several  hours,  from  4:30  to

7:00  LT,  at  solar  minimum.  But  the  sunrise  zonal  electric  field  at

solar  maximum  undergoes  a  transition  between  the  nighttime

westward and daytime eastward electric fields.

Figure  2 shows  the  solar  cycle  variation  of  the  equatorial  zonal

electric fields at 6:00 LT under different longitudinal, seasonal, and

tidal conditions. Figure 2a shows the longitudinal variation in the

sunrise equatorial zonal electric field during the June solstice from

three  standard  simulations,  including  tidal  effects  for F10.7 =  70,

130,  and  200.  For  all  solar  activity  levels,  the  sunrise  equatorial

zonal electric field at the June solstice shows consistent longitudi-

nal  distributions with two maxima near 90°W and 115°E and two

minima near  40°W and 160°E.  When solar  activity  increases  from

F10.7 = 70 to 200, the equatorial electric field at 6:00 magnetic local

time (MLT) decreases at all longitudes. The electric field difference

Table 1.   Control simulations to examine the solar activity dependence of equatorial sunrise zonal electric fields driven by different wind dynamo
sources.

Run Parameter setting Purpose

1. F070STD F10.7 = 70 Solar minimum standard (STD) run

2. F200STD F10.7 = 200 Solar maximum standard run

3. F070MW0 F10.7 = 70, without meridional winds (MW0) Separate the effects of zonal and meridional wind dynamos at
solar minimum

4. F200MW0 F10.7 = 200, without meridional winds (MW0) Separate the effects of zonal and meridional wind dynamos at
solar maximum

5. F070ZWE0
F10.7 = 70, without E-region zonal winds (ZWE0) at pressure
level (Zp) < −2 and meridional winds

Determine the F-region and E-region zonal wind dynamo
effects at solar minimum

6. F200ZWE0 F10.7 = 200, without E-region zonal winds at Zp < −2 and
meridional winds

Determine the F-region and E-region zonal wind dynamo
effects at solar maximum

7. F070COFr
F10.7 = 70, same as F070ZWE0 with only F-region zonal winds
but replaced by F-region conductivity (COFr) at Zp > −2 from
F200STD

Isolate the effect of the solar cycle change in F-region
conductivity on the F-region zonal wind dynamo

8. F070COEr
F10.7 = 70, same as F070ZWE0 with only F-region zonal winds
but replaced by E-region conductivity (COEr) at Zp < −2 from
F200STD

Isolate the effect of the solar cycle change in E-region
conductivity on the F-region zonal wind dynamo

9. F070ZWFr
F10.7 = 70, same as F070ZWE0 with only F-region zonal winds
but replaced by F-region zonal winds (ZWFr) at Zp > −2 from
F200STD

Isolate the effect of the solar cycle change in E-region
conductivity on the F-region zonal wind dynamo
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between solar maximum and minimum at the June solstice is the

greatest  (−0.29 mV/m) near 90°W and the smallest  (−0.02 mV/m)

near  20°W.  This  longitudinal  feature  has  been  investigated  and

compared in detail with the observations by Chen JJ et al. (2021b).

Figure  2b shows  the  seasonal  variation  in  the  sunrise  equatorial

zonal electric  field  at  90°W,  indicating  that  the  sunrise  enhance-

ment occurs near the solstice and reaches a maximum in June for

all  solar  activity  levels.  The  direction  of  the  sunrise  equatorial

zonal  electric  field  changes  to  westward  at  the  equinoxes.  An

increase  in  solar  activity  tends  to  make  the  sunrise  equatorial

zonal  electric  field  more  westward  in  all  seasons.  The  ROCSAT-1

satellite  data  show  that  an  increase  in  solar  activity  from F10.7 =

130 to 200 induces a westward change of no larger than 1 mV/m

in  the  long-term  average  sunrise  zonal  electric  fields  at  most

longitudes  and  in  most  seasons  (see  Fig.  7  in Fejer  et  al.,  2008),

which  is  generally  consistent  with  the  simulated  solar  cycle

dependence in Figure 2.  However,  the long-term averages of the

ROCSAT-1 observations do not show a sunrise enhancement. The

sunrise enhancement did have an occurrence rate of 20%−30% in

a statistical analysis using the same data set (Zhang RL et al., 2015)

and  is  reproduced  at  the  solstice  by  the  TIEGCM  (Chen  JJ  et  al.,

2020).  This  finding  may  indicate  that  the  long-term  average

method may smooth out  important  features,  such as  the sunrise

enhancement. This  result  may  also  be  related  to  large  measure-

ment errors in the late night or early morning because of the low

plasma  density  and  increased  light  ion  population  (Fejer  et  al.,

2008).  The  TIEGCM-simulated  sunrise  electric  fields  are  not

completely  consistent  with  the  long-term  average  observation,

but the model does show the decreasing sunrise eastward electric

fields with increasing solar activity.

Atmospheric tides, especially nonmigrating semidiurnal tides, can

modulate the sunrise  eastward enhancement of  equatorial  zonal

electric fields (Liu HL and Richmond, 2013; Zhou X et al., 2020). To
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Figure 1.   Diurnal variations in equatorial zonal electric fields (Ex) at

solar minimum and maximum. All results are at the June solstice and

magnetic equator from the runs with tidal effects at F10.7 = 70 and 200.
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ExFigure 2.   The ionospheric sunrise equatorial zonal electric field ( , positive eastward) at different solar activity levels. (left) Longitudinal

variations at the June solstice (day of year (DOY) 173) and (right) seasonal variations at 90°W of the zonal electric fields from the simulations (top)

with the tidal effects and (bottom) without the tidal effects. All results are at the dip equator, 6:00 LT, and pressure level 2 (~260–340 km,

depending on solar activity near the F2 layer). Lines with different colors and symbols represent different solar activity conditions (F10.7 = 70, 130,

and 200).
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examine  whether  the  solar  cycle  dependence  of  sunrise  electric
fields varies with atmospheric tidal conditions, we ran three simu-
lations that were similar to the three runs in Figure 2a but that did
not  have  empirical  tidal  forcing  at  the  lower  boundary.  In  these
new cases, the solar EUV radiation (represented by the F10.7 index)
was  the  only  external  input  that  varied.  The  longitudinal  and
seasonal  variations  in  equatorial  zonal  electric  fields  at  6:00  MLT
under different solar activity conditions are shown in Figures 2c, d.
The resulting longitudinal and seasonal variations in the simulated
results  without  tidal  effects  are  similar  to  those  with  tidal  effects
(cf. Figures  2a, b),  although  their  values  and  peak  locations  do
differ.  At  the  June  solstice,  the  sunrise  equatorial  electric  fields
reach  an  eastward  maximum  at  90°W  for  all  cases.  The  electric
field near 90°W has the largest eastward peak at the June solstice,
with a second smaller peak occurring at the December solstice. As
in the standard cases, the increase in solar EUV radiation reduces
the sunrise zonal  electric  fields without tidal  forcing for  all  longi-
tudes  and  seasons  (Figures  2c, d).  Thus,  lower  atmospheric  tides
can  modulate  the  magnitude  of  the  sunrise  enhancement,  but
they  do  not  change  the  solar  cycle  dependence.  Comparing  the
top row with the bottom row in Figure 2, the solar cycle variation
in sunrise electric field enhancement is smaller when atmospheric
tides are included. In summary,  the simulation results in Figure 2
reveal  that  under  geomagnetically  quiet  conditions  (cross-polar
cap  potential  of  0),  the  sunrise  zonal  electric  field  always
decreases with increasing solar activity at all longitudes for differ-
ent seasonal and tidal conditions.

 3.2  The Influence of Different Wind Dynamo Sources
During geomagnetically quiet periods, the ionospheric electrody-
namics  is  dominated  by  the  neutral  wind  dynamo  (Richmond,
1995a; Heelis, 2004). The sunrise enhancement of equatorial zonal
electric fields is mainly caused by the zonal wind dynamo (Kelley
et al., 2014; Chen JJ et al., 2020), but the relatively weak meridional
wind  dynamo  cannot  be  ignored  (Liu  HL  and  Richmond,  2013;
Chen JJ et al., 2020). To explore the solar cycle dependence of the
sunrise  electrodynamics  driven by  dynamo processes  from zonal
winds,  two  controlled  simulations  (F070MW0  and  F200MW0)
based  on  F070STD  and  F200STD  were  conducted,  as  shown  in
Table  1.  The  influence  of  the  meridional  wind  dynamo  at  solar
minimum  (maximum)  was  obtained  by  subtracting  F070MW0
from F070STD (F200MW0 from F200STD).

Figure 3a shows comparisons of the sunrise equatorial zonal elec-
tric field at solar minimum (dotted lines) and maximum (solid lines)
driven by the full wind dynamo in the standard runs, by the zonal
wind dynamo only, and by the meridional wind dynamo only. The
zonal  electric  field  differences  between  the  solar  maximum  and
minimum are shown in Figure 3b. At solar minimum, the equatorial
zonal electric field in F070STD (dotted black line in Figure 3a) has
a  maximum  of  0.68  mV/m  at  6:00  MLT,  whereas  the  zonal  wind
dynamo  has  a  maximum  of  0.56  mV/m  (dotted  red  line).  The
meridional  wind  dynamo  produces  a  zonal  electric  field  of  only
0.12 mV/m (dotted blue line). This result indicates that the sunrise
enhancement  at  solar  minimum  (F070STD)  comes  mainly  from
the zonal wind dynamo. At solar maximum, the sunrise equatorial
eastward  electric  field  in  F200STD  is  only  0.27  mV/m  (solid  black
line  in Figure  3a).  The  contribution  of  the  zonal  wind  dynamo

(0.20  mV/m)  to  the  overall  sunrise  eastward electric  field  at  solar
maximum  (F200STD)  is  again  greater  than  the  meridional  wind
dynamo effect (0.07 mV/m). Figure 3b shows that the difference in
zonal  electric  fields  between  the  solar  maximum  and  minimum
attributable  to  the  zonal  wind  dynamo  (red  line)  is  −0.36  mV/m,
which  is  much  larger  than  the  electric  field  difference  of
−0.05  mV/m  caused  by  the  meridional  wind  dynamo  (blue  line).
Hence, the solar cycle variation in the sunrise enhancement of the
ionospheric equatorial zonal electric fields mainly depends on the
solar cycle variation in the zonal wind dynamo.

The  midlatitude  E-region  zonal  wind  dynamo  has  been  found  to
be the major source of the sunrise (4:00−8:00 LT) enhancement of
equatorial zonal electric fields at solar minimum (Liu HL and Rich-
mond, 2013; Chen JJ et al., 2020; Zhou X et al., 2020). However, the
local  equatorial  F-region  dynamo  may  also  affect  sunrise  electric
fields  (Kelley  et  al.,  2014)  because  the  presunrise  (4:00−6:00  LT)
Pedersen conductivity is usually larger in the F-region than in the
E-region  (Heelis,  2004).  The  solar  cycle  dependence  of  the  E-
region  and  F-region  dynamo  effects  around  sunrise  were  further
quantified  with  two  simulations  (F070ZWE0  and  F200ZWE0).  In
both  runs,  the  wind-driven  source  currents  for  the  stand-alone
dynamo module were driven by zonal winds only above pressure
level  −2  (greater  than  ~150  km)  to  produce  only  F-region  zonal
wind effects. The contribution of the E-region zonal wind dynamo
to the  electrodynamics  at  solar  minimum  (maximum)  was  sepa-
rated  by  subtracting  F070ZWE0  from  F070MW0  (F200ZWE  from
F200MW0).

Ex

The  equatorial  zonal  electric  fields  driven  by  the  full  zonal  wind
dynamo,  the  F-region  zonal  wind  dynamo  only,  or  the  E-region
zonal wind dynamo only under solar minimum (dotted lines) and
maximum  (solid  lines)  conditions  are  shown  in Figure  3c. Figure
3d displays zonal electric field differences between solar maximum
and minimum. Figure 3c shows that at solar minimum, the sunrise
zonal  electric  field  generated by the zonal  wind dynamo (dotted
red)  reaches  0.56  mV/m,  which  is  primarily  produced  by  the
E-region dynamo effect of 0.42 mV/m (dotted green), whereas the
F-region dynamo produces only a weak electric field of 0.14 mV/m
(dotted  yellow).  At  solar  maximum,  the  zonal  electric  field  near
sunrise  has  a  value  of  0.20  mV/m  caused  by  the  zonal  wind
dynamo (solid red), which includes two sources, an eastward elec-
tric  field  ( )  of  0.33  mV/m related to  the E-region dynamo (solid
green)  and  a  westward  one  of  −0.13  mV/m  generated  by  the
F-region effect (solid yellow).  The E-region zonal wind dynamo is
again the major process in the sunrise enhancement of equatorial
eastward  electric  fields,  which  is  consistent  with  the  generation
mechanism of equatorial sunrise enhancement proposed by Chen
JJ et al. (2020). However, as shown in Figure 3d, it is interesting to
note  that  the  solar  cycle  difference  in  the  sunrise  zonal  electric
fields related to the E-region zonal wind dynamo is only −0.09 mV
/m (green line), which is much weaker than the electric field differ-
ence  of  −0.27  mV/m  associated  with  the  F-region  zonal  wind
dynamo  (yellow  line).  This  result  suggests  that  the  sunrise  zonal
wind dynamo in the F-region has a greater response to the solar
cycle  change  in  EUV  radiation  than  does  the  E-region  dynamo.
Specifically,  the E-region zonal  wind dynamo tends to produce a
westward equatorial  electric  field  at  6:00 MLT at  solar  maximum,
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which  is  opposite  the  effect  at  solar  minimum,  as  discussed  in
Section 4. In summary, the sunrise enhancement is mainly driven
by the E-region zonal wind dynamo, but its solar cycle dependence
is dominated by the solar cycle response of the F-region dynamo.

 3.3  Contributions of Solar Cycle Variations in Neutral

Winds and Conductivity

σP
Ux

σPUx

ΣP
ΣP

σPUx

ΣP

Changes in the wind dynamo are directly associated with variations
in neutral  winds and conductivity (e.g., Richmond, 1995a). Figure
4 shows solar cycle variations in Pedersen conductivity ( ), zonal
winds  ( ),  and  Pedersen  conductivity-weighted  zonal  winds

( ,  where  is  the height-integrated Pedersen conductance)

near  sunrise  at  midlatitudes  (top  row)  and  the  dip  equator

(bottom row). The expression  can roughly represent the rela-

tive contribution of zonal winds at a given altitude to the overall
dynamo  process,  as  described  by Chen  JJ  et  al.  (2021a).  When
solar activity increases from 70 to 200, the Pedersen conductivity
and  neutral  winds  near  the  dawn  terminator  show  a  significant
response above ~150 km altitude, as well as in pressure coordinates
(not  shown),  but  the  relative  change  below  ~150  km  is  much

σPUx

ΣP

σPUx

ΣP

σPUx

ΣP
σPUx

ΣP

smaller.  In  general,  the  magnitude  of  shows  a  significant

increase  above  ~170  km  and  a  decrease  or  a  very  small  change

below ~170 km (Figures 4c, f). Figure 4c shows that at middle lati-

tudes,  the  increase  in  above  ~170  km  and  the  decrease  at

~120–170  km  are  comparable.  However,  for  low  latitudes,  solar

cycle changes in  in the E-region are much weaker than in the

F-region  (Figure  4f).  Solar  cycle  changes  of  are  consistent

with  the  solar  cycle variations  in  the  electric  field  driven by

F-region and E-region dynamos in Figures 3c, d.

To  further  isolate  the  effects  of  the  zonal  wind  or  conductivity

variation at different altitudes on the F-region zonal wind dynamo,

three controlled simulations (F070COFr, F070COEr, and F070ZWFr)

were carried out. As listed in Table 1, they are based on the solar

minimum  simulation  with  only  the  F-region  zonal  wind  dynamo

effect  (F070ZWE0)  but  replaced  with  conductivity  or  zonal  wind

inputs  from  the  solar  maximum  standard  run  (F200STD).  For

example, inputs for the stand-alone dynamo module in F070COFr

were  mostly  the  same  as  those  in  F070ZWE0,  but  the  F-region
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Figure 3.   Solar cycle dependence of the equatorial zonal electric field ( ) driven by different wind dynamo sources. (left) The magnetic local

time (MLT) variation of  by the full wind dynamo in the standard runs (F070STD and F200STD), zonal wind dynamo only (F070MW0 and

F200MW0), meridional wind dynamo only (F070STD−F070MW0 and F200STD−F200MW0), F-region zonal wind dynamo only (F070ZWE0 and

F200ZWE0), and E-region zonal wind dynamo only (F070MW0–F070ZWE0 and F200MW0–F200ZWE0) at solar minimum (F070, dotted line) and

maximum (F200, solid line). (right) The corresponding  difference ( ) caused by the different processes between solar maximum and

minimum (F200–F070). All results are at the June solstice, 0° magnetic latitude, pressure level 2, and 12:00 UT, when 6:00 MLT corresponds to

6:00 LT at 90°W. The vertical dashed gray line denotes the sunrise time of 6:00 MLT. ZW, zonal wind; MW, meridional wind; ZWF, F-region zonal

wind dynamo; ZWE, E-region zonal wind dynamo.
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conductivity input above pressure level −2 (greater than ~150 km)
was replaced by the ones from F200STD.  In  this  way,  the electric
field  difference  between  F070COFr  and  F070ZWE0  (F070COFr  –
F070ZWE0)  is  caused  only  by  the  solar  cycle  variation  in  the  F-
region conductivity. Similarly, the effects of solar cycle changes in
the  E-region  conductivity  (F070COEr–F070ZWE0)  and  F-region
zonal winds (F070ZWFr–F070ZWE0) on the solar cycle variation in
the  F-region  zonal  wind  dynamo  are  isolated  in  F070COEr  and
F070ZWFr,  respectively.  Obviously,  the  E-region  wind  variation
has no direct contribution to the F-region dynamo.

δEx

δEx

δEx

δEx

Figure 5 shows the contribution of solar cycle changes in F-region
conductivity,  E-region  conductivity,  and  F-region  zonal  winds  to
the equatorial zonal electric field difference ( ) driven by the F-
region zonal wind dynamo between the solar maximum and mini-
mum  (F200ZWE0–F070ZWE0).  The  attributable  to  both  wind
and  conductivity  changes  (yellow  line)  reaches  −0.27  mV/m  at
6:00 MLT, but with a minimum of −0.55 mV/m near 5:00 MLT. The
F-region  conductivity  changes  (black  line)  generate  an  of
−0.05 mV/m at 6:00 MLT and a roughly constant value of approxi-
mately  −0.3  mV/m  before  5:00  MLT,  whereas  the  caused  by
solar  cycle  changes  in  zonal  winds  (F070ZWFr–F070ZWE0)  is
−0.14  mV/m  at  6:00  MLT  and  has  a  westward  enhancement  of
−0.22  mV/m  at  5:00  MLT.  The  contribution  from  the  E-region
conductivity  changes  (F070COEr–F070ZWE0)  is  negligible  with
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Figure 5.   Effects of the solar cycle variations in conductivity and

neutral winds at different altitudes on equatorial zonal electric fields.

The yellow, black, blue, and red lines show the difference in zonal

electric fields ( ) between four controlled simulations (F200ZWE0,

F070COFr, F070COEr, and F070ZEFr) and F070ZWE0, which

corresponds to the F-region zonal wind dynamo difference between

solar maximum and minimum, and the contributions of the changes

in F-region conductivity (COF), E-region conductivity (COE), and F-

region zonal wind variations (ZWF), respectively. All results are at the

dip equator, pressure level 2, 12:00 UT, and the June solstice. MLT,

magnetic local time.
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respect to the other two effects. Solar cycle changes in conductivity
and  zonal  winds  in  the  F-region  are  larger  than  those  in  the  E-
region  near  sunrise  (Figure  5);  thus,  they  are  important  for  the
solar  cycle  dependence of  the F-region zonal  wind dynamo near
sunrise. Overall, increasing solar EUV radiation decreases equatorial
zonal  electric  fields  near  and  before  sunrise,  which  is  mainly
induced by both F-region conductivity and zonal wind changes.

 4.  Discussion
Figure 1 shows that both the sunrise and sunset equatorial zonal
electric  field  enhancements  usually  have  a  prominent  eastward
enhancement  on  the  order  of  1  mV/m.  At  sunset,  it  is  called  the
prereversal enhancement (PRE; Heelis et al., 1974; Fejer et al., 1979,
1991, 2008; Eccles,  1998; Fesen  et  al.,  2000).  The  sunset  PRE  is
much stronger at solar maximum than at solar minimum, which is
opposite the solar cycle dependence of sunrise equatorial electric
fields  seen  in  most  satellite  observations  (Fejer  et  al.,  2008; Kil
et  al.,  2009)  and  the  TIEGCM  simulations.  An  important  issue  to
address is  why equatorial  zonal  electric fields near the dawn and
dusk terminators show an opposite solar cycle dependence.

The  opposite  solar  cycle  responses  of  eastward  electric  field
enhancements  near  dawn  and  dusk  terminators  are  associated
with  their  different  generation  mechanisms.  Near  sunset,  the
equatorial  eastward  PRE  is  mainly  driven  by  the  F-region  zonal
wind dynamo locally  near  the equator  (Farley et  al.,  1986; Eccles,
1998; Heelis  et  al.,  2012; Eccles  et  al.,  2015).  Nevertheless,  the
sunrise enhancement at the dip equator is primarily driven by the
midlatitude E-region zonal wind dynamo, as shown in Figures 3a,
b and previous studies (Liu HL and Richmond, 2013; Chen JJ et al.,
2020).  The  equatorial  F-region  zonal  wind  dynamo  tends  to
induce sunrise westward electric fields that are more pronounced
at  solar  maximum  (Figures  3c, d).  Near  both  sunrise  and  sunset,
increasing  EUV  with  solar  activity  can  significantly  increase  F-
region  conductance,  which  increases  the  relative  importance  of
the  F-region  dynamo  and  decreases  the  E-region  dynamo  effect
(Figure 4). As a result, the zonal electric fields at sunrise show vari-
ations opposite  those  at  sunset  in  terms  of  solar  cycle  depen-
dence.

Ex(UUU × BBB)⊥y (UUU × BBB)P⊥y

ΣP (UUU × BBB)P⊥y

Ex (UUU × BBB)P⊥y ΣP

To  further  explain  the  different  generation  mechanisms  for  the
sunrise  and  sunset  eastward  enhancement, Figure  6 shows  the
global  zonal  electric  fields  ( ),  Pedersen  conductivity-weighted

 ( ,  cf.  Equation  (4)),  and  Pedersen  conductance

( ) from the runs with only the zonal wind dynamo. The 

can  roughly  represent  the  overall  zonal  wind  dynamo  effect  at
different  altitudes,  as  described  by Chen  JJ  et  al.  (2021a).  The
sunset PRE is mainly explained by the curl-free mechanism (Heelis
et  al.,  2012; Eccles  et  al.,  2015; Chen  JJ  and  Lei  JH,  2019)  and  is
secondarily  related to the Hall  current divergence mechanism (e.
g., Farley et al., 1986; Eccles et al., 2015). In the curl-free theory, the
eastward  MLT  gradient  of  low-latitude  F-region  zonal  winds  and
the  large  gradient  of  conductance  near  sunset  generate  a  local
equatorial  eastward  PRE  (Heelis  et  al.,  2012; Eccles  et  al.,  2015).

This process corresponds to the low-latitude ,  ,  and 

around  19:00  MLT  in Figure  6.  The  sunrise  F-region  dynamo  can
also  be  explained  by  a  similar  mechanism  responsible  for  the
sunset  PRE.  At  low  latitudes,  increasing  solar  EUV  radiation

δ(UUU × BBB)P⊥y

(UUU × BBB)P⊥y

induces westward variations in the MLT gradient of F-region zonal

winds  near  sunrise,  which  corresponds  to  the  MLT  gradient  of

equatorial  at  3:00−7:00  MLT  in Figure  6f.  According  to

the curl-free theory, this sunrise F-region wind gradient produces

a  local  westward  enhancement  of  equatorial  zonal  electric  fields

(Figure  6c).  Similar  prominent  westward  enhancements  of  zonal

electric fields on the order of 1.0 mV/m during presunrise periods

have been observed (Prabhakaran Nayar et al., 2009; Mathew et al.,

2010).  The  great  speed  and  MLT  gradient  of  E-region  westward

winds and the associated equatorward  at middle latitudes

(Figures  6d, e),  in  conjunction  with  the  declination  of  the  dawn

termination  that  constrains  the  conductance  (Figures  6g, h),

locally  produce  strong  midlatitude  eastward  electric  fields  that

can penetrate  to  lower  latitudes  and even the magnetic  equator

(Figures 6a, b). This process is described in detail by Chen JJ et al.

(2020).

(UUU × BBB)P⊥y

(UUU × BBB)P⊥y

Ex

The direction and solar cycle dependence of the sunrise equatorial

zonal electric field is complicated by the competition between the

E-region and F-region dynamos. Twelve o’clock universal time (UT)

at  the  June  solstice,  the  time  when  the  simulated  equatorial

sunrise  enhancement  is  the  strongest,  is  used  as  an  example  in

Figure 6. At 6:00 MLT and 45° magnetic latitude (MLAT), where the

sunrise  eastward  enhancement  reaches  a  maximum  (Figures  6a,

b), the E-region (<150 km) Pedersen conductance is approximately

3 times as large as the F-region (>150 km) conductance in Figure

4a.  Thus,  the  midlatitude  zonal  wind  dynamo  near  6:00  MLT  is

determined by the E-region zonal winds. As the solar EUV radiation

increases, the sunrise eastward electric field driven by the midlati-

tude  E-region  dynamo  is  suppressed  by  the  increase  in  F-region

conductivity  at  midlatitudes  (black  line  in Figure  5),  which  was

also suggested by Liu HL and Richmond (2013). But these electric

fields  are  also  enhanced by the increase in  E-region conductivity

and  are  slightly  modulated  by  the  changes  in  zonal  winds  (blue

and red lines in Figure 5). In general, solar activity variations in the

F-region and E-region dynamo effects are generally offset by each

other  at  midlatitude  (Figures  4c, 6c, f),  which  explains  why  the

midlatitude  and  the  resultant  zonal  electric  fields  near

6:00  MLT  are  similar  between  the  solar  minimum  and  maximum

(see  the  top  and  middle  rows  in Figure  6).  At  5:00  MLT  and  0°

MLAT, where the reduction of zonal electric fields with increasing

solar activity is  the most obvious (see Figure 6c),  zonal winds are

westward  below  ~140  km  and  turn  eastward  above  ~140  km

(middle  column  in Figure  4).  At  solar  minimum,  the  Pedersen

conductance  below  140  km  (0.10  S)  is  only  slightly  smaller  than

that  above  140  km  (0.14  S)  and  the  zonal  wind  speeds  in  the  E-

region  and  F-region  are  comparable.  Thus,  local  zonal  wind

dynamo effects in the E-region and F-region are partially balanced

out,  which  causes  weak  magnitudes  of  (Figure  6d)  and

westward  (Figure 6a) in presunrise equatorial regions. Note that

the  eastward  equatorial  electric  field  at  6:00  MLT  is  mainly  from

the midlatitude dynamo rather than being a local  effect (Chen JJ

et  al.,  2020).  When solar  activity  increases  from F10.7 =  70  to  200,

both Pedersen conductivity and zonal winds do not change in the

E-region (<150 km) but have a large enhancement in the F-region

(>150  km),  as  shown  in Figure  4.  This  enhancement  strengthens

the effect of the F-region zonal wind dynamo on local zonal electric
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fields,  corresponding  to  large  changes  in  the  F-region 

(Figure 4f),  (Figure 6f), and zonal electric fields (Figure 6c)

at low latitudes near and before sunrise. Combining Figures 3 and
7a  in Chen  JJ  et  al.  (2021b),  even  at  solar  minimum  in  June,  the
low-latitude dynamo effect can exceed the midlatitude effect and
produce westward equatorial electric fields at 6:00 MLT near 30°W.
Hence, the F-region dynamo effect at low latitudes is complex and
varies with longitude.

Three puzzles remain in the comparison between the simulations
and  the  observations.  The  first  is  why  the  solar  cycle  variation  in
the long-term and longitude average of  ROCSAT-1  data  (Fejer  et
al., 2008; Kil et al., 2009) is not as obvious as in the model (Figure
2). The top row of Figure 2 shows that the difference in the simu-

lated zonal electric field at sunrise between F10.7 = 200 and F10.7 =

130 is not larger than 0.15 mV/m, which is much smaller than the

maximum  longitudinal  and  seasonal  differences  of  ~0.8  mV/m.

This result might partly explain why the observed solar cycle vari-

ation in the average data is weak. In addition, this fact is probably

a consequence of potential measurement error in the late night or

early  morning  caused  by  the  low  plasma  density  and  increased

light ion population, as pointed out by Fejer et al. (2008), and alti-

tudinal  variations  in  the  satellite  position  in  different  years.

Second, from an observational point of view, the sunrise enhance-

ment  is  not  always  present  in  the  electric  field  (Zhang  RL  et  al.,

2015).  The  question  is  then  how  to  account  for  this  factor  in  the

simulation  to  characterize  the  solar  cycle  dependency  of  the

occurrence of the sunrise eastward enhancement. The increase in
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Figure 6.   Solar cycle dependence of global zonal electric fields and the driving processes. From top to bottom: zonal electric fields ( , positive

eastward, top row) at pressure level 2, hemispheric height-integrated Pedersen conductivity-weighted  , middle row), and

hemispheric Pedersen conductance ( , bottom row) from the runs with the zonal wind dynamo only at solar minimum (F070MW0, left column)
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terminator (solar zenith angle = 98°).
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solar  flux  only  slightly  decreases  the  electric  field  at  6:00  LT  by
< 0.15 mV/m, but it  significantly varies the electric field structure
near  the  dawn  terminator  by  affecting  the  F-region  dynamo,
which  suppresses  the  occurrence  of  the  sunrise  eastward
enhancement (Figures 1, 3). The third question is why our simula-
tions  do  not  show  eastward  enhancement  near  equinoxes,
whereas  the  statistical  occurrence  rate  of  the  enhancement  in
observations is at least 20% (Zhang RL et al., 2015). This simulation
–observation difference should be related to the effects of day-to-
day variability in lower atmospheric tides (Zhou X et al., 2020) and
geomagnetic disturbances,  which  could  induce  additional  east-
ward electric field disturbances (Liu HL and Richmond, 2013; Chen
JJ et al.,  2020). The tidal input in the empirical Global Scale Wave
Model for the TIEGCM is the monthly mean without daily variabil-
ity,  which  might  cause  the  TIEGCM  to  lack  some  electrodynamic
responses  of  the  thermosphere–ionosphere  system  to  real  lower
atmospheric tides. Furthermore, the effects of penetration electric
fields  and  a  disturbance  wind  dynamo,  which  also  affect  the
sunrise enhancement (Chen JJ et al., 2020), were turned off in our
simulations,  but these influences are included in the observation
results (Zhang RL et al., 2015) under geomagnetic conditions with
Kp < 4. The effects of the day-to-day variability in lower atmospheric
tides and  geomagnetic  disturbances  still  need  further  investiga-
tion.

 5.  Summary
In this  study,  a  series  of  first-principle  TIEGCM  numerical  experi-
ments were carried out to investigate the physical mechanisms by
which  increasing  solar  activity  causes  a  reduction  in  equatorial
eastward  zonal  electric  fields  at  sunrise  during  geomagnetically
quiet periods. The main conclusions are as follows:

(1) As solar activity increases, the equatorial eastward electric field
near sunrise  decreases  or  turns  westward  independent  of  longi-
tude, season, and lower atmospheric tides.

(2)  The eastward reduction or  westward enhancement of  sunrise
equatorial  electric  fields  with  increasing  solar  activity  is  mainly
caused by the variation in the zonal wind dynamo with solar activ-
ity.  Moreover,  this  variation  in  the  zonal  wind  dynamo  near
sunrise  is  dominated  by  the  corresponding  variation  in  the  F-
region  dynamo  rather  than  the  E-region  dynamo,  although  the
sunrise  eastward  enhancement  of  electric  fields  is  mainly  driven
by the E-region zonal wind dynamo.

(3) The sunrise E-region zonal wind dynamo, which is mainly asso-
ciated  with  the  midlatitude  dynamo,  generates  an  eastward
enhancement of the equatorial  zonal electric field.  The sunrise E-
region  electrodynamics  decreases  slightly  with  increasing  solar
activity because  of  the  increase  in  midlatitude  F-region  conduc-
tance.

(4)  The  equatorial  F-region  zonal  wind  dynamo  at  sunrise
produces a local westward enhancement of electric fields accord-
ing  to  the  curl-free  electric  field  mechanism,  which  is  associated
with  the  westward  gradient  of  F-region  zonal  winds  near  the
dawn  terminator.  This  westward  electric  field  in  the  equatorial
region, dominated by the variation in F-region (>150 km) conduc-
tivity and zonal winds at low latitudes near sunrise, is not obvious

during  solar  minimum  but  becomes  significant  as  solar  activity
increases.

In  summary,  the  reduction  in  equatorial  eastward  electric  fields
near sunrise with increasing solar activity is mainly caused by the
significant  variation  in  the  low-latitude  F-region  zonal  wind
dynamo resulting from changes in the F-region conductivity and
zonal winds as well from solar activity.
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