
Relative importance of horizontal and vertical transports

to the formation of ionospheric storm-enhanced

density and polar tongue of ionization

Jing Liu1, Wenbin Wang1, Alan Burns1, Stanley C. Solomon1, Shunrong Zhang2, Yongliang Zhang3,

and Chaosong Huang4

1High Altitude Observatory, National Center for Atmospheric Research, Boulder, Colorado, USA, 2Haystack Observatory,

Massachusetts Institute of Technology, Westford, Massachusetts, USA, 3Space Department, Applied Physics Laboratory,

Johns Hopkins University, Baltimore, Maryland, USA, 4Air Force Research Laboratory, Kirtland AFB, Albuquerque, New

Mexico, USA

Abstract There are still uncertainties regarding the formation mechanisms for storm-enhanced density

(SED) in the high and subauroral latitude ionosphere. In this work, we deploy the Thermosphere Ionosphere

Electrodynamic General Circulation Model (TIEGCM) and GPS total electron content (TEC) observations to

identify the principlemechanisms for SED and the tongue of ionization (TOI) through term-by-term analysis of

the ion continuity equation and also identify the advantages and deficiencies of the TIEGCM in capturing

high-latitude and subauroral latitude ionospheric fine structures for the two geomagnetic storm events

occurring on 17March 2013 and 2015. Our results show that in the topside ionosphere, upward E×B ion drifts

are most important in SED formation and are offset by antisunward neutral winds and downward ambipolar

diffusion effects. In the bottomside F region ionosphere, neutral winds play a major role in generating SEDs.

SED signature in TEC is mainly caused by upward E×B ion drifts that lift the ionosphere to higher altitudes

where chemical recombination is slower. Horizontal E×B ion drifts play an essential role in transporting

plasma from the dayside convection throat region to the polar cap to form TOIs. Inconsistencies between

model results andGPS TECdatawere found: (1) GPS relative TEC difference between storm time andquiet time

has “holes” in the dayside ion convection entrance region, which do not appear in the model results. (2) The

model tends to overestimate electron density enhancements in the polar region. Possible causes for these

inconsistencies are discussed in this article.

1. Introduction

Several prominent ionosphere structures occur at high latitudes and in subauroral regionsduringgeomagnetic

storms. These include subauroral polarization streams (SAPS), storm time-enhanced density (SED), tongue of

ionization (TOI), and boundary blobs (see Figure 1). These structures are very dynamic because electric fields

and particle precipitation of magnetospheric origin and their associated energy and momentum deposition

into the upper atmosphere are highly variable during the storms.

Storm time, single-site observations from the Millstone Hill Incoherent Radar (ISR) frequently show dramatic

F region electron density enhancements around the duskside, which is termed the “dusk effect” [e.g.,

Papagiannis et al., 1971; Mendillo et al., 1972; Evans, 1973; Anderson, 1976; Buonsanto, 1995a, 1995b, 1999].

Based on Millstone Hill ISR 2-D electron density measurements, Foster [1993] renamed this phenomenon

SED, which is typically characterized by a latitudinally distinct region of sunward convection F region plasma,

high electron densities, an elevated F region peak, a significantly enhanced topside ionosphere, and low

electron temperatures near sunset at middle latitudes [Foster, 1993; Liu et al., 2015, 2016]. Cherniak and

Zakharenkova [2015] reported that high-latitude ionospheric irregularities tend to occur in the edge of

SED/TOI having steep ionospheric density gradients during the St. Patrick's Day event in 2015.

There are several different mechanisms proposed for the formation of the SED, including local upward E×B

drifts [e.g., Huang et al., 2005; Deng and Ridley, 2006; Heelis et al., 2009; David et al., 2011; Zou et al., 2014],

westward ion transport from the nightside to the dayside by SAPS [Foster et al., 2007], equatorward blowing

neutral winds [Anderson, 1976], and latitudinal expansion of the equatorial ionization anomaly [e.g., Kelley

et al., 2004; Tsurutani et al., 2004]. Kelley et al. [2004] and Tsurutani et al. [2004] thought that upward and

meridional transport of equatorial F region plasma by a large storm time E×B drift and ambipolar diffusion

LIU ET AL. FORMATION MECHANISMS FOR SED/TOI 8121

PUBLICATIONS

Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1002/2016JA022882

Special Section:
Geospace system responses to
the St. Patrick's Day storms in
2013 and 2015

Key Points:

• Upward ion drifts are responsible for

the throat region SED formation

• Horizontal ion drifts play an essential

role in forming TOIs

• SED/TOI for these two March storms

have quite close UT occurrences

Correspondence to:

J. Liu,

jingliu@ucar.edu

Citation:

Liu, J., W. Wang, A. Burns, S. C. Solomon,

S. Zhang, Y. Zhang, and C. Huang (2016),

Relative importance of horizontal and

vertical transports to the formation of

ionospheric storm-enhanced density

and polar tongue of ionization,

J. Geophys. Res. Space Physics, 121,

8121–8133, doi:10.1002/2016JA022882.

Received 28 APR 2016

Accepted 10 AUG 2016

Accepted article online 11 AUG 2016

Published online 30 AUG 2016

©2016. American Geophysical Union.

All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2016JA022882
http://dx.doi.org/10.1002/2016JA022882
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402/specialsection/SAINTPAT1315
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402/specialsection/SAINTPAT1315
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402/specialsection/SAINTPAT1315
mailto:jingliu@ucar.edu


along the magnetic field lines were

responsible for the SED generation.

This mechanism was rejected by

Rishbeth et al. [2010] because of

the huge discrepancy that exists

between the plasma lifetime and

meridional transport time. Rishbeth

et al. [2010] pointed out that local

production, rather than remote latitu-

dinal transport, should be the domi-

nant cause. Foster [1993] showed

that the expanded high-latitude con-

vection electric fields in the postnoon

sector continuously encounter fresh

solar-produced plasma on the equa-

torward edge of the convection pat-

tern and generate a latitudinally

narrow region of SED in front of the

expanded convection pattern. Based

on the time-dependent ionosphere

model simulation, Heelis et al. [2009]

suggested that the expanded two-

cell convection pattern gives rise to

poleward and upward flow that

raises the ionosphere to higher alti-

tudes, where chemical recombina-

tion is slower. This is augmented by the fact that the westward flows are in the opposite direction with

respect to Earth corotation. This produces zonal flow stagnation at a specific local time in the afternoon sec-

tor. TEC will be greatly increased under the conditions of plasma zonal motion stagnation and upward drifts

in the sunlit. The large sunward flux carried by SAPS was also thought to be very important for SED [Foster

et al., 2007]. However, this was questioned by Fuller-Rowell [2011] based on the fact that fast ion flow carried

by SAPS, in which electron density is already low, tends to further decrease the electron density as a result of

increased frictional heating and so cannot provide a source for SED. Another explanation for the SED was a

combined effect of westward ion drifts and equatorward neutral winds that forces plasma up alongmagnetic

field lines reducing chemical recombination [Anderson, 1976].

SED provides a source for the polar cap TOI that is a large-scale (~1000 km) “tongue”-like enhanced plasma

density structure carried by antisunward plasma flow and elongated in the noon-midnight direction [Sato,

1959]. In some literatures, people do not distinguish between SED and TOI since these two are quite similar

but occur at different latitudes. However, Liu et al. [2015] reported that TOI can also occur during geomag-

netic quiet or weakly disturbed conditions at favorable universal local times independent of SED occurrence.

TOI tends to form during the universal times when high-latitude two-cell convection patterns are closer to

solar-produced middle-latitude plasma source region, facilitating the poleward plasma transportations. The

polar cap enhancement sometimes takes the form of a continuous TOI and sometimes as discrete patches.

The SED/TOI has often been seen to segment into patches [e.g., Lockwood and Carlson, 1992; Rodger et al.,

1994; Moen et al., 2008; Zhang et al., 2011, 2013a, 2013b, 2015].

To sumup, the key issue regarding the SED formationmainly iswhich of the followingproposedmechanisms is

the dominant process: horizontal (westward) transport by SAPS and the auroral convection pattern, vertical

upward E×B ion drifts, or equatorward blowing neutral winds. The objectives of this work are (1) to identify

the main mechanism responsible for SED and TOIs and (2) to test the performance of the high-resolution

TIEGCM in capturing the storm time polar ionospheric large-scale structures such as SED and TOI. Previous

numerical modeling work related to SED or TOI has mostly used stand-alone ionosphere models, which lack

of self-consistent thermosphere and ionosphere, and electrodynamics. This work will be the first attempt to

utilize a 3-D, coupled ionosphere-thermospheremodel to uncover the formationmechanism of SED and TOIs.

Figure 1. Polar view of absolute GPS TEC difference between storm time
(2000 UT 17 March 2013) and quiet time (2000 UT 16 March 2013).

Journal of Geophysical Research: Space Physics 10.1002/2016JA022882

LIU ET AL. FORMATION MECHANISMS FOR SED/TOI 8122



2. Model and Data

The NCAR-TIEGCM is a time-dependent, three-dimensional, thermosphere-ionosphere coupled model using

the finite differencing technique to obtain a self-consistent solution for thermospheric and ionospheric

dynamics, the associated dynamo electric field and currents [Roble et al., 1988; Richmond et al., 1992; Qian

et al., 2014]. The high-resolution TIEGCM model used in the current work has 2.5° × 2.5° horizontal resolution

andhas 60pressure surfaces in altitude ranging from97 km to ∼ 500 km,with a vertical resolution of one-fourth

scale height. The input parameters for the TIEGCM are solar EUV and UV spectral fluxes, parameterized by the

F10.7 cm index, andhigh-latitude auroral particle precipitation [Roble and Ridley, 1987] anda convection electric

field [Weimer, 2005]. The amplitudes andphases of tides from the lower atmosphere are specifiedby the global

scale wave model at the model's lower boundary [Hagan and Forbes, 2002, 2003].

The 1min resolution solar wind parameters are provided by the OMNI 2 database. The solar wind data have

been shifted to the magnetopause [King and Papitashvili, 2005]. The ionospheric TEC data with a 5min

resolution were obtained from the Madrigal database. We refer to Rideout and Coster [2006] for a detailed

description of this database.

3. Observations and Results

3.1. Interplanetary Solar Wind and Geomagnetic Activity Observations

Figure 2 shows the interplanetary solar wind parameters in the Geocentric Solar Magnetospheric coordinate

system and geomagnetic activity index for the two storm cases during 16–18 March 2015 (Figure 2a) and

16–18 March 2013 (Figure 2b). In each case, panels from the top to bottom are interplanetary magnetic field

(IMF) Bz and By components, solar wind velocity (V), and the symmetric ring current index (SYM-H). SYM-H

Figure 2. (a, b) IMF Bz (first row), By (second row), solar wind velocity (third row), and symmetric ring current index (SYM-H)
(fourth row) for 16–18 March 2015 and 2013.
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can be viewed as a high-resolution equivalence of the magnetic storm index Dst. The shaded areas denote

the interval of SED or TOIs. Liu et al. [2016] gave a detailed description to the solar wind and geomagnetic

disturbed conditions during the 17 March 2015 event. The interplanetary shock reached the magneto-

sphere at ~ 0430UT on 17 March 2015, inducing a sudden storm commencement as indicated by the

step-like increase in SYM-H. A strong southward turning of IMF Bz (~20 nT) occurred at around 0600UT

on 17 March 2015 resulting in the onset of the storm main phase. The SYM-H index reached a minimum

value of �234 nT at ~ 2219UT.

For the 17 March 2013 event, a shock impinged on themagnetosphere and triggered the sudden storm com-

mencement at 0600UT, after which IMF Bz was mostly southward with the solar wind velocity remaining at a

relatively large value around 700m/s. SYM-H attained a minimum value of �132 nT at ~ 2000UT, after which

IMF Bz began to turn northward.

These two storms share common features in storm onset and evolution but differ in storm intensity with the

SYM-H index of �234 nT and �132 nT for the 2015 and 2013 storms, respectively. Both storms began

at ~ 0600UT on 17 March, then experienced a two-step decrease in the SYM-H index, and started to recover

during 2200–2300UT. Due to the great similarities between these two storms, they provide us a natural case

to do comparative studies.

3.2. GPS TEC Observations and TIEGCM Simulations

Figure 3 illustrates the absolute difference between storm time (17March) and quiet time (16March) TEC dur-

ing 1600–2200UT, corresponding to the later main phase and early recovery phase of the two geomagnetic

storm events. Figures 3 (left column) and 3 (right column) correspond to the 2015 and 2013 storm events,

respectively. At 1600UT for the 2015 storm event, a positive storm effect (TEC enhancement) appeared at

middle and low latitudes in the American longitudes and the western side of Europe. For the 2013 storm case,

a negative storm effect (TEC depletion) was obvious in the low-latitude and equatorial ionosphere. For both

events, the negative ionospheric storm effects dominated the high-latitude ionosphere. These negative iono-

spheric effects were much stronger in the 2015 storm than they were in the 2013 storm.

Two hours later (1800UT), as pointed by Liu et al. [2016], a SED feature could be identified as a tiny enhanced

TEC structure within the 40–60° latitudinal ranges over the east coast of Canada on 17 March 2015. This fea-

ture occurred over the North Atlantic Ocean during the 2015 event but was not seen during the 2013 event.

At 1800UT during the 2015 event, negative storm effects were stronger than they were 2 h earlier. For the

2013 storm case, middle-latitude daytime positive storm effects were further enhanced in the NH. Both

storms exhibited hemispheric asymmetry in response to the storm. For example, we can see that the high-

latitude negative storm effect in the Northern Hemisphere (NH) was stronger and spread more equatorward

than that in the Southern Hemisphere (SH) for the 2015 storm event. For the same event, the daytime TEC

enhancement in the NH moved to higher latitudes. Similarly, the TEC enhancements in the SH also moved

to higher latitudes over the ocean where no TEC data were available.

At 2000UT during the 2015 event, the SED signature became more evident, progressing further toward the

magnetic pole than it was 2 h earlier. At the same time, the negative ionospheric storm effect expanded

further equatorward and became more intense compared with the effect at 1800UT. For the 2013 storm

event, a TOI feature, characterized by the increased TEC in the 50–80° latitude ranges, originated almost from

the same location as the SED in the 2015 storm event and ended over Northern Russia at 2300 LT (not shown).

At 2200UT, there were no obvious changes in the global pattern for the 2015 event, except for the weakened

SED compared to 2000UT. For the 2013 storm event, the TOI was cut off by a negative storm effect close to

the NH magnetic pole.

To sum up these two storms, the daytime ionospheric response was characterized by high-latitude negative

storm effects and low-latitude positive storm effects. The reduced electron content at high latitudes and

increased TEC at middle latitudes exhibited hemispheric asymmetry even though they took place very close

to the March equinox. Negative ionospheric storm effects occur frequently over the dip equator in the day-

time, which may be related to the eastward penetration electric field together with a horizontal magnetic

field producing upward vertical drifts that leads to decreases in electron density after these electrons diffuse

down field lines. The postmidnight ionosphere was dominated by TEC depletion. TOIs originated from the
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middle-latitude TEC enhancements and were conjugate phenomena. It is interesting to note that TOIs were

conjugate but the negative storm effect at high latitudes was hemispherically asymmetric. This is due to the

fact that TOIs are mostly ordered in magnetic coordinates, while the negative storm effects are caused by

O/N2 changes that are strongly affected by neutral winds. Neutral winds are not necessarily configured

in the magnetic coordinate system.

Figure 4 compares the absolute TEC differences between storm (17 March 2015) and quiet times (16 March

2015) from GPS observations (left column) and TIEGCM simulations (right column) in polar geographic coor-

dinates. The outer circle corresponds to 40° geographic latitude. The model tends to overestimate positive

ionospheric storm effects and underestimate negative ionospheric storm effects in the polar ionosphere,

which could be related to the underestimation of Joule Heating and the resultant smaller decrease in

O/N2, or an excess of soft particle precipitation, or too many secondary electrons in the upper parts of the

model. For example, a clear TOI signature extending from the daytime throat region to the postmidnight aur-

oral oval region along the noon-midnight meridian section can be seen in the model results, but it is signifi-

cantly weaker in the observations. In addition, at 1800 and 2000UT, there is an electron density “hole” at

geographic latitudes of 60–70° in the afternoon sector. We have found that the hole in the difference field

between storm and quite TEC in the throat region of the convection pattern occurs as a result of the quiet

Figure 3. Absolute TEC difference between storm time (17 March) and quiet time (16 March) for 2015 (left column) and 2013 (right column).
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day having enhanced TEC, not

because there is a “hole” in the dis-

turbed day TOI. There was also a

weakly enhanced, TOI-like feature in

GPS TEC in the polar cap.

Figure 5 is in the same format as

Figure 4 but for the March 2013

storm event. The model captured

the polar TOI signature in this event.

As can be seen from the observa-

tions, a TOI signature appeared at

around 1800UT and a weak auroral

boundary blob (enhanced TEC)

occurred in the 60–70° geographic

latitude range in the postmidnight

sector. Again, it seems that the after-

noon and morning sector negative

ionospheric storm effects merged in

the throat region in the GPS data,

which separated the TOI from the

middle-latitude source region. This

feature is not as strong inmodel simu-

lations as model underestimated the

negative stormeffect too in this event.

Overall, the model can roughly cap-

ture the TOI pattern and dynamics,

but some discrepancies exist in the

magnitude—the model tends to

overestimate the strength of the

TOI. We will use the model to diag-

nose the SED and TOI signatures.

Figure 6 shows absolute differences

of the modeled F2 layer peak density

(NmF2), peak height (hmF2), neutral

velocities, ion drifts, and O/N2 at

2000UT between storm time and

quiet time for the March 2015 (left

column) and 2013 (right column) events. A salient feature was the pronounced two-cell ion convection pat-

tern, while neutral winds behaved in a similar way. A neutral O/N2 “tongue” also was modeled in the 2015

event along the noon-midnight meridian; a similar phenomenon was reported by Burns et al. [2004]. The

formation of a neutral “tongue” is mainly due to the poleward advection of middle-latitude air parcels that

are rich in O/N2. The frequent neutral-plasma collisions forced neutrals to move antisunward with the ions. As

expected, the TOI signature also appeared in NmF2, similar to that in TEC. hmF2 increased by about 80–100 km

in the noon throat region, which was accompanied by upward ion drifts.

3.3. Term Analysis of Formation Mechanisms for SED/TOI

Term analysis of the ion continuity equation was performed to identify the relative importance between the

electric fields, neutral winds, chemical reactions, and ambipolar diffusion in generating SED/TOIs. The same

method has also been used in other research [e.g., Buonsanto, 1995a; Lei et al., 2008]. Because O+ is the major

ion species in the F2 region, we carry out a term-by-term analysis of the O+ continuity equation as follows.

∂NOþ

∂t
¼ qoþ � βNOþ � ∇� NOþ V

⇀
� �

Figure 4. Polar view of absolute TEC difference between storm time (17
March 2015) and quiet time (16 March 2015).
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In this equation, NOþ , qoþ , ⇀V , and β

are the O+ density, production rate,

ion velocity, and loss coefficient,

respectively. The left-hand side term

represents the change rate of O+ den-

sitywith time,which is almost equal to

the change rate in electron density in

the F region. βNOþ on the right-hand

side is the loss rate. The last term ∇�

NOþ⇀Vð Þ on the right-hand side

includes the effects of neutral wind

transport, E×B transport, and ambi-

polar diffusion. Furthermore, E×B

transport can be decomposed into

electric fields induced horizontal and

vertical transports. In the term analy-

sis, we bin the production and loss

rates together as a chemical term.

For convenience, the electron density

change rate (δNE) induced by chemi-

cal production and loss rates, neutral

wind transport, E×B transport, E×B

induced horizontal transport, E×B

induced vertical transport (δNE), and

ambipolar diffusion were termed as

δNEch, δNEw, δNEE × B, δNEE × B_hor,

δNEE × B_ver, and δNEAmbi_diff, respec-

tively. Thus, we have

δNE ¼ δNEch þ δNEw þ δNEE�B

þ δNEAmbi diff

or

δNE ¼ δNEch þ δNEw þ δNEE�B hor

þ δNEE�B ver þ δNEAmbi diff

Figure 7 shows the absolute differ-

ence between storm time (17 March)

and quiet time (16 March) electron

density (ΔNE, first column, in units of 105 cm�3), electron density change rate caused by production and loss

(ΔδNEch, second column, in units of cm�3 s�1), neutral wind transport (ΔδNEw, third column, in units of

cm�3 s�1), electric field transport (ΔδNEE × B, fourth column, in units of cm�3 s�1), and ambipolar diffusion

(ΔδNEAmbi_diff, fifth column, in units of cm�3 s�1) at 2000UT for both March 2015 (first and second rows) and

March 2013 events (third and fourth rows). As shown in this figure, a TOI occurred both in the topside (pressure

level 3.125; ~400 km) andbottomside (pressure level 1.125, ~280 km) ionosphere. Thephotochemical reaction

process increases the bottomside ionosphere electron density in the nightside auroral oval but does not

change the topside ionosphere very much. The altitudinal dependence of F region photochemical reaction

is mainly due to the fact that the chemical production and loss of plasma is related to O and N2, both of which

decrease with altitude. This leads to a less impact of chemical reaction process at higher altitudes.

As shown in Figure 7 (third column), the neutral winds in the throat region decrease the electron density in

the topside ionosphere and increase the electron density in the bottomside. The magnetospherically

imposed electric fields cause antisunward plasma flow in the throat region, which, in turn, forces neutral

winds to flow in the same direction due to frequent neutral-plasma collisions [e.g., Deng and Ridley, 2006].

These poleward neutral winds, in conjunction with inclined magnetic field lines, move the plasma downward

Figure 5. Polar viewofabsoluteTECdifferencebetweenstormtime (17March
2013) and quiet time (16 March 2013).
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and thus reduce the plasma content

in the topside ionosphere. In addi-

tion, upwelling of air will lead to

decreases in O/N2 and resultant

depletion in the topside ionosphere

and cancel the driving force for the

downward plasma motion.

In Figure 7 (fourth column), electric

field transportation in the topside

ionosphere increases ion density on

the noonside and decreases it on

the midnightside along the noon-

midnight meridional direction. This

can be interpreted from the fact that

the expanded two-cell convection

introduces eastward and westward

electric fields at around the noon

and midnight sectors, respectively.

The E×B ion drifts are upward on

the dayside and downward on the

nightside [Deng and Ridley, 2006].

Therefore, these processes in the

topside ionosphere lead to the day-

side throat region electron density

enhancement andmidnight electron

density depletion.

Ambipolar diffusion, which depends

on gravity and the pressure gradi-

ent force, acts as a passive process

mediating other physical processes.

Generally, in Figure 7 (fifth column),

the magnitudes of ambipolar

diffusion-induced ion density changes

are weaker than those due to neutral

winds and electric fields. Ambipolar

diffusion decreases the ion density

in the topside ionosphere and

increases it in the bottomside ionos-

phere. This could be related to the

enhanced plasma density or temperature in the topside ionosphere as a result of external heating sources,

which could quicken downward diffusion [Lei et al., 2008; Zou et al., 2014].

In general, in the topside ionosphere, the dominant mechanism leading to SED is electric field transport,

which is offset by ambipolar diffusion and neutral wind transport. In the bottomside ionosphere, neutral

winds play a major role in producing the SED structure, augmented by ambipolar diffusion and balanced

by electric field transport. Integrated electron content mainly comes from the topside ionosphere [e.g.,

Belehaki and Tsagouri, 2002; Liu et al., 2016]. So we further decompose the electric field effects on the topside

ionosphere into horizontal and vertical directions.

Figure 8 illustrates the absolute differences in electron density rate of change between storm time and quiet

time caused by electric fields transport (ΔδNEE × B), electric fields induced horizontal transport (ΔδNEE × B_hor),

and electric fields induced vertical transport (ΔδNEE × B_ver). Apparently, vertical transport is important for the

SED in the throat region, whereas horizontal transport is more important in the polar cap region. This seems

not to be consistent with traditional viewpoint that SED is generated near dusk and transported by horizontal

Figure 6. Polar view of modeled absolute difference between storm time

(17 March) and quiet time (16 March) in NmF2, hmF2, neutral wind velocity, ion
drifts and O/N2 at 2000 UT for 2015 (left column) and 2013 (right column). The
background in the third and fourth rows denotes the vertical wind and ion

drifts, respectively.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022882

LIU ET AL. FORMATION MECHANISMS FOR SED/TOI 8128



plasma drifts to the dayside throat region. The model calculation of Figure 8 includes both local processes

and global transport of ionospheric plasma. The source of the plasma density increase in the throat region

is mostly due the upward motion of the local plasma. Why is vertical transport important in the dayside

throat region? This is because that E×B ion drifts have a large upward vertical component on the dayside

throat region given the large zonal electric fields in the presence of inclined magnetic field lines there

[Deng and Ridley, 2006].

Figure 9 illustrates latitude slice of the absolute difference in electron density change (ΔNE, first row, in units

of 105 cm�3) between storm time and quiet time caused by these terms (in units of cm�3 s�1): production

and loss rates (ΔδNEch, second row), neutral wind transport (ΔδNEw, third row), ambipolar diffusion

(ΔδNEAmbi_diff, forth row), electric fields transport (ΔδNEE × B, fifth row), electric field horizontal transport

(ΔδNEE × B_hor, sixth row), and electric field vertical transport (ΔδNEE × B_ver, seventh row) at 2000UT. This

figure gives the latitudinal slice at 1400 LT when the SED appeared at this UT. The left side panels are for

the 2015 storm event, and the right side panels are for the 2013 storm event. According to Figure 5, the

SED mainly occurs in the 50–60° geographic latitude range at 1400 LT. Figure 9 shows that electron den-

sity enhancements mainly occur at altitudes from 250 to 450 km. Weak enhancement can be observed at

Figure 7. The modeled absolute difference between storm time (17 March) and quiet time (16 March) electron density (in units of 10
5
cm

�3
) and electron density

change rate caused by chemical processes (ΔδNEch), neutral wind transport (ΔδNEw), electric field transport (ΔδNEE × B), and ambipolar diffusion (ΔδNEAmbi_diff)
terms (in units of cm

�3
s
�1

) at 2000 UT for (a) March 2015 and (b) March 2013. The first and third rows denote the terms at pressure level 3.125 (~400 km), and the
second and fourth rows are for the terms at pressure level 1.125 (~280 km).
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240–320 km caused by the net

effect of production and loss

(ΔδNEch). ΔδNEw decreases ion den-

sities at altitudes between 320 and

500 km and increases them between

200 and 300 km. TEC enhancements

in the throat (50–60°) are mainly

caused by the ΔδNEE × B_ver, whereas

ΔδNEE × B_hor plays a less important

role in its formation in this region.

4. Discussion

As shown in Figures 7–9, SED/TOIs

both occur in the bottomside and

topside ionosphere. In the bottom-

side ionosphere, neutral winds play

the decisive role in generating SED

with contributions from ambipolar

diffusion. This is because the antisun-

ward neutral winds in the throat

region have a downward component

and increase the plasma in the bot-

tomside ionosphere but decrease it

in the topside. However, E×B ion

drifts operate in the opposite sense

to transport plasma from the bottom-

side ionosphere to the topside iono-

sphere. This difference between the

topside and bottomside ionosphere

in response to upward ion drifts is

due to the vertical advection term v

∂Ne

∂h
operating oppositely in the two

cases. For an upward velocity V the

advective term will tend to have

opposite effects on electron density

changes in the bottom and topside

ionosphere because of different signs

of ∂Ne

∂h
. Generally, an upward plasma

velocity increases electron density in the upper ionosphere and decreases electron density in the bottom

ionosphere. Neutral winds also operate in a similar way to change electron densities at different altitudes;

that is, poleward (equatorward) winds push ionosphere downward (upward) and increase electron density

in the bottomside (topside) ionosphere but decrease (increase) electron density in the topside (bottomside)

ionosphere.

In the topside ionosphere, E×B ion drifts become the dominant term responsible for SED; this term is par-

tially offset by neutral winds and ambipolar diffusion. The main part of TEC is from the topside ionosphere

and particularly the region from the F2 peak to one scale height above the F2 peak. It should be emphasized

here that E×B upward ion drifts alone cannot increase TEC dramatically, since they can only change the alti-

tude distribution of electron density by transporting plasmas from the bottom to topside ionosphere. They

ultimately increase ion densities because the ions are moved up to an altitude in which recombination is

much reduced. In summary, the SED in TEC is mainly generated by local upward E×B in the presence of

reduced chemical recombination.Wang et al. [2012] compared the results from the stand-alone TIEGCM with

Figure 8. Modeled absolute difference in change rate of electron density
between storm time (17 March) and quiet time (16 March) electron density

change rate caused by electric fields transport (ΔδNEE × B), electric fields
induced horizontal transport (ΔδNEE × B_hor), and electric fields induced
vertical transport (ΔδNEE × B_ver) terms (in units of cm

�3
s
�1

) at 2000 UT for

(left column) 2015 and (right column) 2013.

Journal of Geophysical Research: Space Physics 10.1002/2016JA022882

LIU ET AL. FORMATION MECHANISMS FOR SED/TOI 8130



andwithout SAPS. They showed that SAPS caused negligible changes in ion density in the dayside convection

throat region and reduce electron content in the later afternoon sector along the flow channel.

In current analysis, we mainly focused on polar ionosphere variability during the interval between 1700 and

2300UT on 17 March. The storm commenced at around 0600UT. There is about a half day of ionospheric pre-

conditioning, which could lead to the different response of the ionosphere to these two storms that is shown

in Figure 3. Figure 2 shows that the solar wind driving conditions are different for these two storms, with

stronger geomagnetic forcing during the 2015 event. It is expected that stronger Joule heating occurred

during the 2015 storm. This stronger Joule heating in the 2015 event perturbed the neutral atmosphere to

Figure 9. Modeled altitude versus geographic latitude plots of the absolute difference in electron density between storm

time (17 March) and quiet time (16 March) (ΔNE, first row, in units of 10
5
cm

�3
) and electron density change rate caused by

these terms: production and loss rates (ΔδNEch, in units of cm
�3

s
�1

), neutral wind transport (ΔδNEw, in units of
10

5
cm

�3
s
�1

), ambipolar diffusion (ΔδNEAmbi_diff, in units of cm
�3

s
�1

), electric fields transport (ΔδNEE × B, in units of

cm
�3

s
�1

), electric field horizontal transport (ΔδNEE × B_hor, in units of cm
�3

s
�1

), and electric field vertical transport
(ΔδNEE × B_ver, in units of cm

�3
s
�1

) at 2000 UT for (left column) March 2015 and (right column) March 2013.
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a greater extent, resulting in a larger depletion in electron density at high latitudes. That is why the SED/TOI is

weaker for the 2015 event than that in the 2013 event.

In addition, ionosphere conductance was changed as a result of electron density changes, so magnetosphere

energy input into the ionosphere was modified accordingly. Electron density changes can also feed back into

theneutralwinds through ion-neutral collisions and thus influence the locationof theneutral compositionper-

turbations. These prior ionosphere and thermosphere state changes certainly impact the current ionosphere

state. However, it is difficult to assess theextent towhich the current ionosphere is affectedbypreconditioning,

due to the complex nonlinear magnetosphere-ionosphere-thermosphere interactions in this coupled system.

5. Concluding Remarks

Both the GPS TEC observations and TIEGCM simulations were used in this work to investigate the polar iono-

sphere response to two geomagnetic storms that occurred on 17 March 2013 and 2015. These two storms

almost commenced at the same UT but have different intensities. The main findings are as follows:

1. These two March storms share similarities in that negative ionosphere storm effects dominated the high

latitude ionosphere and the middle- and low-latitude ionospheric TEC were enhanced late in the storm

main phase. The ionospheric response exhibited hemispheric asymmetry with a more pronounced nega-

tive storm effect in the Northern Hemisphere.

2. Upward E×B ion drifts are most important in generating the SED in the topside ionosphere and are offset

by antisunward neutral winds and ambipolar diffusion effects. In the bottomside ionosphere, neutral

winds play a major role in producing SED. Horizontal E×B ion drifts play an essential role in transporting

plasma from the throat region into the polar cap to form TOIs.

3. Disagreements exist between model results and GPS TEC observations. An electron density “hole” in the

throat region occurred in GPS TEC observations for both storm events, which was not captured by the

TIEGCM.
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