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PREFACE

The ionosphere is a layer within the atmosphere that
extends from about 60 kilometers above the Earth’s sur-
face to about 1,000 kilometers in altitude. It consists of
charged particles (i.e., electrons and ions) due to ioniza-
tion of neutrals by solar radiation and energetic particle
precipitation from the magnetosphere.

Since its discovery more than 100 years ago, the iono-
sphere has become an active research area and our under-
standing of ionospheric dynamics continues to evolve due
to advances in observational technologies and new cap-
abilities in theory and numerical modeling.

Ionospheric dynamics are affected by many different for-
cings, including solar flares, geomagnetic storms, tides and
waves from the lower atmosphere, as well as disturbances
triggered by earthquakes and tsunamis. The ionosphere
behaves very differently under different solar and geomag-
netic conditions, and its variability has direct impacts on
radio communication and satellite navigation system.

Although our knowledge of the ionosphere has greatly
advanced in recent decades, many important aspects of
ionospheric dynamics are still not well understood, especially
during geomagnetic storms, because of the complexity of the
coupled magnetosphere-ionosphere-thermosphere system.

This book, divided into five parts, provides a compre-
hensive overview of global ionospheric research ranging
from the polar cap to the equatorial region. Part 1
addresses magnetosphere-ionosphere coupling in the
high-latitude ionosphere, ion outflow, and ionospheric
convection in the polar cap and auroral zone. Part 2 con-
cerns interhemispheric asymmetries, ionospheric struc-
tures such as large-scale storm enhanced density
plumes, and meso- and small-scale structures in the sub-
auroral and mid-latitude ionosphere. Part 3 focuses on
the low-latitude ionosphere, including equatorial

xi

ionospheric electrodynamics, equatorial spread F, equa-
torial electrojet, and equatorial ionization anomaly. Part
4 covers global ionospheric processes such as penetration
electric fields, magnetosphere-ionosphere coupling at
middle and subauroral latitudes, sudden stratospheric
warming impacts on the ionosphere, longitudinal depend-
ence of ionospheric dynamics, and travelling ionospheric
disturbances. Part 5 discusses ionospheric effects on HF
wave propagation and satellite navigation, as well as ion-
ospheric disturbances caused by earthquakes and
tsunamis.

The chapters are written in the form of review articles,
providing a coherent description of each topical area.
Each chapter includes historical evolution, recent prog-
ress, latest results, current understanding, and future chal-
lenges of the specific topics. Theoretical analyses,
numerical modelings, and observational results from ion-
ospheric radars, satellites, and other space-borne and
ground-based instruments are presented.

The book will serve as a useful reference for active
researchers and scientists in the space science community,
as well as for graduates and upper-level undergraduate
students at universities, and engineers and environment
officers/operators in government agencies who are inter-
ested in space weather applications.

Chaosong Huang
Air Force Research Laboratory, Kirtland AFB,
New Mexico, USA

Gang Lu
National Center for Atmospheric Research, Boulder,
Colorado, USA
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Magnetospheric Energy Input fo the lonosphere

Cheryl Huang

ABSTRACT

The high-latitude region of the ionosphere-thermosphere (IT) system responds to solar wind driving via complex
physical processes. The goal of global models of IT coupling is to specify and forecast the effect of magnetospheric
energy input, in particular, energy dissipation into Joule heating and increase in kinetic energy of neutral and
charged particles. Established paradigms for IT coupling have been challenged by recent investigations into
the nature of energy input and the locations where energy is deposited. These results have forced a reexamination
of our fundamental assumptions, which are captured in a series of empirical and physics-based models of energy
input. An assessment of these models reveals areas of significant discrepancy between model output and observa-
tions. This chapter summarizes the current understanding of magnetospheric energy input, and indicates research

areas that remain to be explored.

1.1. INTRODUCTION

The paradigm for coupling between the magnetosphere
and ionosphere was established in a series of seminal
papers in which connection of the Earth’s magnetic field
to the interplanetary magnetic field (IMF) was postulated
to drive ionospheric convection (Axford & Hines, 1961;
Dungey, 1961; Axford, 1969). In this view, based on mag-
netohydrodynamic (MHD) fluid theory, the solar wind
connects to the Earth’s magnetosphere, allowing solar
wind momentum to be transferred across the boundary
of the magnetosphere to set into motion magnetospheric
plasma. Given the Earth’s magnetic field, B, motion of
charged particles, V, is possible only if an electric field,
E is generated where £ = - V' x B.

This paradigm explained magnetic activity in which
energy enters the high-latitude ionosphere and is manifest

Air Force Research Laboratory Space Vehicles Directorate,
Kirtland Air Force Base, Albuquerque, NM, USA

as auroral brightening. Supporting this paradigm were
the discovery of energetic particle precipitation in the
auroral zones (Frank & Ackerson, 1971), and persistent
field-aligned currents (FACs) in the same latitude range
(Zmuda et al., 1970). These discoveries contributed to
widespread acceptance that (1) MHD reconnection is
the dominant mechanism through which solar wind
energy enters the ionosphere-thermosphere (IT) system;
(2) energy input and dissipation is highly localized in
the auroral zones under active and quiet conditions. This
hypothesis has been widely explored and challenged in
recent years.

Ultimately the impact of energy deposition is heating of
the ionosphere and thermosphere, commonly referred to
as Joule heating. The transition from energy input to
Joule heating involves the conductivity of the medium.
Limitations on the length of this chapter preclude a full
summary of Joule heat and conductivity, both complex
topics in themselves, but brief descriptions of the physical
processes are included for completeness.

Space Physics and Aeronomy Collection Volume 3: lonosphere Dynamics and Applications, Geophysical Monograph 260, First Edition.
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4 |ONOSPHERE DYNAMICS AND APPLICATIONS

1.2. ENERGY ENTERING THE IONOSPHERE-
THERMOSPHERE (IT) SYSTEM

1.2.1. Electromagnetic and Particle Energies

The magnetosphere-ionosphere-thermosphere (MIT)
coupled system is strongly driven by the solar wind. In
order to specify the IT response to magnetospheric energy
input, the sources of forcing and the physical processes by
which the system responds must be understood. The mag-
netosphere couples to the ionosphere through the mag-
netic field of the Earth so that magnetospheric electric
field, E, and magnetic field, B, couple to ionospheric E
and B fields. FACs provide the communication between
the magnetosphere and the solar wind to the ionosphere.
Solar UV radiation energy maintains ionization, and
solar wind coupling with the magnetosphere provides
additional energy via fluctuations in the E and B fields.

The energy that enter the IT system from the magneto-
sphere takes two forms, electromagnetic (EM) in the form
of Poynting flux, and kinetic, in the form of precipitating
particles. The majority of magnetospheric energy maps
to the high-latitude region of the Earth. Thus, both types
of energy occur at high latitudes in the polar cap, auroral
zones, and subauroral regions.

The Poynting flux vector, S, is written

_EXB

S ,
Ho

(1.1)

where p, is the permeability of free space. The magnetic
field, B, includes the Earth’s magnetic field, the steady
state contribution from large-scale currents, and EM
wave fields. Only the perturbation wave field, §B, pro-
duces energy that dissipates in the ionosphere (Kelley
et al., 1991; Richmond, 2010), and only contributions
to S from the perturbation magnetic field are considered
relevant to energy input to the IT system.
Poynting’s theorem in differential form is written

V-S+8—W+j~E:(), (1.2)
ot
where energy, W, in the EM wave is
[ 2
= | —6B" + gE” |, (1.3)
2 \Ho

o 1s the permittivity of free space, j is the current density,
E is the electric field, and j « E is the energy dissipation or
conversion rate. It is usually assumed that there is little
change in the wave energy with time in comparison with
the j.- E term and 9%/, is usually ignored. This term is
commonly referred to as the Joule heating rate, but it
includes the energy transferred into bulk kinetic energy
(Thayer & Semeter, 2004; Richmond, 2010). The kinetic

energy term is usually regarded as less important (Lu
et al., 1995) though some would disagree (Thayer &
Semeter, 2004).
S, as defined above, is the perturbation Poynting flux,
E X 6B
Ho

Richmond (2010) pointed out that the interpretation of
Poynting’s theorem as normally applied for ionospheric
energy dissipation requires that the sides of the volume
over which the Poynting flux is dissipated be equipoten-
tials. Gary et al. (1994) argued that individual flux tubes
can be regarded as the appropriate volume for correct
application of Poynting’s theorem.

Figure 1.1, reproduced from Knipp et al. (2004), shows
the partition of energy input from 1975 to 2003, based on
(1) estimates of power in the solar spectrum from the
SOLAR2000 model (Tobiska et al., 2000); (2) estimates
of auroral zone particle power based on observations
from the Defense Meteorological Satellite Program
(DMSP) and NOAA TIROS and Polar-Orbiting Opera-
tional Environmental Satellites (POES); and (3) a combi-
nation of the Polar Cap (PC) index (Troshichev et al.,
1988) and the Dst index used to parameterize estimates
of Joule power. As stated by the authors, the indirect esti-
mates of Joule heat are probably conservative. However
Figure 1.1 shows that Joule heat entering the ionosphere
is the dominant form of energy input, far exceeding the
energy attributed to auroral particle precipitation. The
ration of Joule heat to auroral precipitation power ranges
from a factor of 2 on average, to greater than an order of
magnitude during large magnetic storms.

From equation (1.2), Joule heat due to dissipation of
electromagnetic energy is

Q=j-E.

This is equivalent to

(1.4)

Q=ocE, (1.5)
where o is the conductivity (Banks et al., 1981). Radar
measurements of the ion convection determine E. Com-
bining E with models of the conductivity, Q, can be calcu-
lated. A comparison of the electromagnetic to particle
power shows a ratio ranging from 1 (Brekke, 1976; Banks,
1977) to 4 (Ahn et al., 1983b). In these studies, there is a
focus on the auroral zone due to the location of radar
observatories, which determine not only E but, to a large
extent, o as well (Ahn et al., 1983a).

A more direct measure of incoming EM power is to cal-
culate the Poynting flux entering the ionosphere, which
obviates the need to use a model for conductivity. This
was done by Huang and Burke (2004) for a superstorm
during which four DMSP spacecraft measured large
FACs simultaneous with intense electric fields. It should
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Figure 1.1 Solar power, particle power, and Joule power from 1975-2003 (reproduced from Fig. 4, Knipp et al.,

2004. Reproduced with permission of Springer Nature).

be noted that the calculation of Poynting flux from DMSP
usually uses only the two components of horizontal veloc-
ity perpendicular to the ram direction. There is uncer-
tainty in the measured ram velocity and this component
is omitted. The estimated EM power over a 20-minute
interval measured by DMSP was approximately 500
GW, comparable with the solar power over the dayside
hemisphere shown in Figure 1.1. A second point in our
discussion is that while all four DMSP spacecraft crossing
the current sheet measured magnetometer deflections of
greater than 1,200 nT magnetometers, at conjugate loca-
tions on the ground magnetometers measured deflections
of the order of a few tens of nT. This point will be dis-
cussed in more detail below. It is widely accepted that
Poynting flux dominates the total energy input in the IT
system during periods of magnetic activity. This was con-
firmed in a detailed study of the energy budget for a mag-
netic storm on 5-6 August 2011 (Huang et al., 2014).
While particle energy may not be dominant in considera-
tions of total energy deposition, it plays a leading role in
energy dissipation via conductivity as shown in equa-
tion (1.5).

Ionospheric conductivites are described by Maeda
(1977) and in the World Data Center A (Kyoto) website
(http://wdc.kugi.kyoto-u.ac.jp/ionocond/exp/icexp.html).
A number of models of conductivity and conductance
have been derived based on particle precipitation
(Fuller-Rowell & Evans, 1987; Wallis & Budzinski,
1981; Spiro et al., 1982; Roble & Ridley, 1987, Hardy
et al., 1987; Robinson et al., 1987; Gjerloev & Hoffman,

2000; McGranaghan et al., 2016, & others). Models have
also been developed, which are based on UV observations
(e.g., Lummerzheim et al.,1991; Coumans et al., 2004),
and which account for proton precipitation (Galand &
Richmond, 2001; Coumans et al., 2004). The complexity
of the conductivity resulting from particle precipitation
has been emphasized by McGranaghan et al. (2016),
who point out that three-dimensional spatial variations
in even the average precipitation patterns are normal.
When temporal variability is added, the task of capturing
conductivity accurately becomes even more challenging.

1.2.2. The Weimer Model

A series of papers by Weimer (1995; 2005) provided an
empirical model of EM energy input to the IT system,
based on observations of electric and magnetic fields by
Dynamics Explorer 2 (DE2). The model represents the
high-latitude (J]A|> 45° MLat) electric potentials as spher-
ical harmonics, which were correlated with measured
interplanetary magnetic field (IMF) (Weimer 1995).
Examples of the electric potentials in the Northern Hem-
isphere, shown in Figure 1.2, are generated for solar wind
and IMF input by the Weimer (2005) model, hereafter
abbreviated as W05. Empirical maps of the FACs were
also developed, using scalar magnetic Euler potentials
(Weimer, 2001). Figure 1.3 illustrates the magnetic Euler
potentials for the same solar wind and IMF as in
Figure 1.2. A combination of the electric potentials with
the FACs from the Euler potentials yields Poynting flux.
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Figure 1.2 (a)-(i) Polar cap electric potentials in the Northern Hemisphere, mapped as a function of AACGM
latitude and MLT. Figures (a)-(d) and (f)—(i) show the patterns for eight different clock angle orientations of the
IMF vector in the GSM Y-Z plane; the angle in degrees is indicated in the top left corner of each map. The IMF
has a fixed magnitude of 5 nT, the solar wind velocity is 450 km s™, the solar wind number density is 4 cm?,
and the dipole tilt angle is 0°. Figure (e) shows the potential for zero IMF, with the same solar wind conditions.
Minimum and maximum potential values are printed in the bottom left and right corners of each map, with
locations indicated by the diamonds and pluses. (reproduced from Fig. 2, Weimer et al., 2005. Reproduced
with permission of John Wiley & Sons).
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Figure 1.3 (a)-(i) Magnetic Euler potentials in the Northern Hemisphere, mapped as a function of AACGM latitude
and MLT. The format and the IMF/solar wind parameters are the same as in Figure 1.2 (reproduced from Fig. 3,
Weimer et al., 2005. Reproduced with permission of John Wiley & Sons).
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In steady state, the Poynting flux into the ionosphere is
approximately equal to the energy dissipated by Joule
heating. This assumes that energy, which is used to gener-
ate neutral winds, is negligible, an assumption which may
not always be true (Thayer & Semeter, 2004). One of the
advantages of this model is that Joule heat can be esti-
mated directly without the need for an estimate of
conductivity.

As in any empirical model, the results are obtained by
averaging over observations. In the case of the Weimer
model, the observations are obtained from the approxi-
mately 18-month lifetime of the DE2 mission. Despite
the sparseness of the original data set, the model has been
highly successful in providing high-latitude electric fields

DMSP observations

(@)
Poynting Flux(mwW/m2) 12
Northern Hemisphere |

required to model the IT response to magnetospheric
energy input. While W05 can be used to specify the Joule
heat as a standalone model, the major application of the
code is in providing the high-latitude electric field
required by the General Circulation Models (GCMs),
which will be discussed below.

The main drawback to W05 is the lack of dynamical
behavior inherent during periods of magnetic activity.
Empirical models cannot capture the highly fluctuating
magnetospheric energy input during storms. This is evi-
dent in a comparison of Poynting flux measured along
the DMSP orbit with predicted values from the model,
as shown in Figure 1.4, reproduced from Figure 10 of
Huang et al. (2017a). On the left are shown the estimated

Weimer Model predictions
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Figure 1.4 Comparison between observed Poynting flux from DMSP (a)-(c) with the W05 model predictions along
the DMSP orbit (b)—(d) for the 5 August 2011 storm. Northern Hemisphere values are shown in (a) and (b); Southern
Hemisphere results are shown in (c)-(d) (figure reproduced from Fig. 10 by Huang et al., 2017a. Reproduced with

permission of Elsevier).



values of Poynting flux from the DMSP measurements of
cross-track horizontal velocity and FACs during a mag-
netic storm, which occurred on 5-6 August 2011. The
Northern Hemisphere (NH) is shown above, the Southern
Hemisphere (SH) below. Measured values along the orbit
track are shown as overplots with the highest value plot-
ted last. On the right are the model predictions of W05
along the same orbital tracks as DMSP plotted in the
same way. The highest value of Poynting flux in each
panel is indicated at the bottom left of the panel, together
with the magnetic latitude (MLat) and magnetic local
time (MLT) of the location where that value of Poynting
flux occurred.

The discrepancies in the values and spatial distribution
of Poynting flux between observations and W05 in this
case are clear. The model captures the average distribu-
tion and magnitude of EM energy entering the iono-
sphere, but dynamic variations, which characterize the
storm, are missed. In different events, the discrepancies
can be similar or different. This is not intended as a crit-
icism of the model, merely to point out the limited ability
of empirical models to represent dynamic processes such
as magnetic storms.

1.2.3. The Cosgrove Model

A newer empirical model of EM input has been devel-
oped by Cosgrove et al. (2014) (hereafter referred to as
Cosgrovel4) based on data from the FAST satellite. At
the outset, the paper states that one goal of the model is
to provide the high-latitude electric field driver for GCMs.
A major difference between the Weimer and Cosgrove
models lies in the way Poynting flux is calculated. In
W05, the EM energy is estimated from the average electric
field <E> and the average magnetic perturbation <6B> as
S'=<E>Xx<4B > [uyIn Cosgrovel4, the vector product, S
= E X 6Bluy, is calculated before any averaging or func-
tional fits are applied. In this way, perturbations in the
measured E and B are captured more accurately. As
pointed out in past studies, variability in the electric field
can contribute to the total Joule heat (Codrescu et al.
1995; Cosgrove & Codrescu, 2009). In the standard for-
mulation employed in W05, Joule heat is computed as
the mean of <E*>. However, if there is a high level of
fluctuation about the mean of E (i.e., if <|E — < E>[*>
is large), then the contribution to Joule heat from the var-
iability is missing if it is assumed that <|E|> represents the
total electric field. Codrescu et al. (2000) used radar mea-
surements to calculate the <|E — < E>[*> term, and found
that the variability was comparable with the mean value
of E. In Cosgrovel4, the direct estimate of Joule heat from
the measured E attempts to avoid this problem.

Possibly as the result of the methodology, or because
the data from which this model is derived is more
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Figure 1.5 Cosgrovel4 output for high and low magnetic
activity for northward IMF. The upper and lower panels have
different color bars to prevent saturation. The AL index is
shown at center above each panel. The integrated Poynting
flux is shown at left above each panel. The Poynting flux for
high magnetic activity is similar to that for southward IMF,
regardless of actual IMF. IMF clock angle is 0°, magnetic
dipole tile angle is 0°, solar wind velocity is 450 km s™, solar
wind number density is 4 cm™, and IMF strength in the GSM
y-z plane is 5 nT (figure and caption reproduced from
Cosgrove et al., 2014. Reproduced with permission of John
Wiley & Sons).

comprehensive, the model predictions of Poynting flux
in the cusp is significantly larger than that forecast by
WO05. Figure 1.5 (reproduced from Figure 5 in Cosgrove
et al., 2014) illustrates the cusp feature for northward
IMF, for high (top) and low (bottom) magnetic activity.
In this model, the pattern of Poynting flux for high mag-
netic activity is generally similar to the upper panel of
Figure 1.5, regardless of IMF orientation.

However the basis of Cosgrovel4 is a representation of
the high-latitude Poynting flux by spherical harmonical
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fits to averages of the measurements. This arrives at the
same problem with W05, namely that the model predic-
tions cannot reproduce the highly variable energy input
into the IT system characteristic of high magnetic activity.
As stated in the paper (Cosgrove et al., 2014), “averaging
over a large number of events, as is done to produce this
model, will result in significant smearing. Because of this,
the model output is not representative of an instant of
time, but rather reflects an expected value for each UT,
MLT, MLAT, and set of geophysical parameter values.”
The Cosgrovel4 model, which is relatively new, has yet to
undergo the testing and validation that occurred with
W05 and previous version of the Weimer models.

1.2.4. Assimilative Modeling of lonospheric
Electrodynamics (AMIE)

This model relies on inversion of observations, initially
of perturbations in the magnetic field measured by ground
magnetometers (Richmond & Kamide, 1988, and refer-
ences therein; Richmond, 1992), to infer the electrody-
namic state of the ionosphere. In addition to currents
measured at the ground, the model was expanded to
include measurements of electric fields by radar and satel-
lite, and magnetic perturbations from satellite. However,
given the wide distribution of ground magnetometer sites
and the relative sparsity of other forms of data AMIE
ingests, the model is mostly driven by ground-based mag-
netic field perturbations.

For a full description of the methodology used in the
model, the reader is referred to the paper by Richmond
and Kamide (1988). Briefly, the model uses as basis func-
tions, the electrostatic potential, @, the electric field, E,
the field-aligned current density, Jp, the height-integrated
horizontal ionospheric electric current density, I, and
magnetic perturbations §B. The basis functions for the
potential, ¢, are assumed to be complete, while the other
basis functions, E, I, Jp can be derived from ¢, assuming
knowledge of the conductance tensor, Y . Using Gauss-
Markoff optimization of the linear expansion of the basis
terms in magnetic latitude and longitude, the model
derives the best fit of the coefficients in the expansion to
the observations, which are assimilated.

In general, the model has been successful in reproducing
electrodynamics in the high-latitude ionosphere (Lu et al.,
1995; Ridley et al., 1997, and many others). As in the case
of the W05 and Cosgrovel4 models, AMIE has been
used widely as input to the GCMs. Unlike the empirical
models, AMIE -captures near-real-time variations in
high-latitude electrodynamics, with some smoothing in
the assimilation scheme. Temporal and spatial resolution
depend on the data to be assimilated.

However, there at two caveats. The assumption that
the currents in the ionosphere can be represented by

equivalent currents on the ground needs to be applied
with caution. The assumption is valid in the case of Hall
currents, which are detected by ground magnetometers.
Comparisons of satellite-based measurements from
CHAMP and ground detections of currents from the
IMAGE network have validated the equivalent current
assumption (Ritter et al., 2004). However, ground-
detection of Pedersen current is inhibited by the shielding
effect of FACs (Araki et al., 1989). As a result, correlation
of ground- and space-based observations of Pedersen cur-
rents is poor (Ritter et al., 2004). In practice, AMIE uses
an empirical model to relate the measured Hall current to
Pedersen current (Ahn et al., 1983a). But the empirical
models are frequently based on observations limited to
the auroral regions. Application of the results to subaur-
oral or polar latitudes is questionable.

The only region at high latitudes in which Hall current
dominates is the auroral zone in which energetic particle
precipitation is the norm (Newell et al., 2005, and refer-
ences therein). At latitudes poleward and equatorward
of the auroral zone, or Boundary Plasma Sheet as
described by Newell et al. (1991), which are characterized
by soft electron precipitation, the use of empirical models
to estimate Pedersen conductivity may distort the true pic-
ture. The lack of ground signature of ionospheric electro-
dynamics was illustrated in a study of a superstorm on 6
April 2000 by Huang and Burke (2004). During the storm,
four DMSP spacecraft detected intense FACs, with
AB between 1,000 and 1,400 nT at 840 km altitude, at
latitudes equatorward of 60° MLat. At the conjugate
location on the ground, the maximum magnetic perturba-
tion was under 50 nT.

The second cautionary note on application of AMIE is
related to the first, and derives from the conductance that
is required for the synthesis of observations. The standard
model referenced for use with AMIE is by Ahn et al.
(1983a). The estimate of conductivity in this model
assumes energetic electron precipitation leading to Hall
current at altitudes between 100 and 125 km. Pedersen
conductivity is estimated from Hall conductivity as a ratio
derived empirically. Robinson et al. (1987) give a similar
relationship. However, these empirical ratios are derived
for auroral precipitation in which electron energies
are generally assumed to be >1 keV. Huang and Burke
(2004) estimated the Pedersen conductance using meas-
ured magnetic deflections and precipitating electron
fluxes from DMSP F13 and F15 satellites for the super-
storm on 6 April 2000. The relation between conductance,
magnetic field, and electric field is simply Ohm’s law, J =
> x E, where J and E are the height-integrated current
density and electric field, respectively. Figure 1.6 com-
pares the values obtained from the DMSP data with the
Robinson et al. (1987) formulas for Pedersen and Hall
conductances. The horizontal bars indicate the time
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Figure 1.6 (a)-(b) Values of Pedersen (3_p) and (c)—(d) Hall (3";,) conductance estimated from energetic electron
fluxes measured by (a) and (c) DMSP F15 and (b) and (d) F13 using the formula by Robinson et al. (1987) during a
superstorm on 6 April 2000. F15 is located at -52° MLat, 221 MLT. F13 is located at 59.9° MLat, 6.7 MLT. Heavy
horizontal lines indicate values of 3 p estimated from measured 5B, and Ey variations (figure and caption based on
Huang & Burke, 2004. Reproduced with permission of John Wiley & Sons).

intervals when Pedersen conductance can be estimated
directly. It is clear that the empirical results (Ahn et al.,
1983a; Robinson et al., 1987) do not represent the con-
ductance well in regions where keV electrons are not
dominant.

Given our understanding that EM energy dominates
the energy budget, the assumptions underlying the model
should be examined for relevance. In particular, the role
of the auroral zone as the locus of all energy input has
been questioned (Huang et al., 2014) based on the total
energy budget during a magnetic storm. This may be
addressed by AMIENextGen, an updated version of
AMIE, which is being developed (Matsuo et al., 2015;
Cousins et al., 2015; McGranaghan et al., 2016). In
AMIENextGen, many of the data sources are based on
satellite observations, which may avoid some of the diffi-
culties with AMIE.

1.3. GENERAL CIRCULATION MODELS
(GCMS) OF MIT COUPLING

The GCMs represented a significant advance in physics-
based MIT modeling, capturing the essential physics in
the IT system. They include the chemical reactions domi-
nant at low altitudes, and the coupled equations of
momentum, energy, and continuity for ion, electrons,

and neutrals (Rees et al.,, 1980; Fuller-Rowell et al.,
1988, 2000; Dickinson et al., 1981, 1984; Roble et al.,
1987; Ridley et al., 2006). They have been used to simulate
the ionospheric response to energy deposition and dissipa-
tion at high latitudes in many publications. We focus on
three of the most widely used models: the Thermosphere
Tonosphere Electrodynamics Global Circulation Model
(TIEGCM), the Coupled Thermosphere Ionosphere
Plasmasphere Electrodynamics (CTIPe) model, and the
Global Tonosphere-Thermosphere Model (GITM), all of
which have been run for many years. Model runs on
demand of all three are available at the Community
Coordinated Modeling Center (CCMC) (http://ccmc.
gsfc.nasa.gov/).

All three require specification of the high-latitude elec-
tric field or high-latitude Poynting flux and conductivity
in order to simulate the effect of energy deposition and
dissipation. The electric field or Poynting flux can be spe-
cified by W05, Cosgrovel4, or AMIE as described in
section 1.2. The conductivity can be obtained from empir-
ical models by Roble and Ridley (1987) or Fuller-Rowell
and Evans (1987).

The CTIPe model is a nonlinear, coupled thermo-
sphere-ionosphere-plasmasphere  physics-based code
that includes a self-consistent electrodynamics scheme
for the computation of dynamo electric fields. There are
four distinct components that run simultaneously and
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are coupled: a global thermosphere, a high-latitude iono-
sphere, a mid-and low-latitude ionosphere/plasmasphere,
and an electrodynamical calculation of the global dynamo
electric field (Fuller-Rowell & Rees, 1980; Codrescu et al.,
2012). The thermospheric component is divided into a
geographic latitude x longitude grid with resolution 2° x
18°. The vertical resolution is defined in terms of the log-
arithm of pressure from a lower boundary at 80 km alti-
tude to altitudes above 500 km. The primary inputs to the
model are the high-latitude electric field, usually provided
by the Weimer (2005) empirical model, auroral electron
precipitation from the empirical model by Fuller-Rowell
and Evans (1987), and EUV radiation (Solomon & Qian,
2005). Full descriptions of the model with examples of
output can be found in Codrescu et al. (2012). CTIPe is
run in near-real time at the Space Weather Prediction
Center (SWPC), and model output is available for com-
parison with observations at http:/helios.swpc.noaa.
gov/ctipe/index.html .

TIEGCM provides a three-dimensional, nonlinear rep-
resentation of the coupled IT system. A self-consistent cal-
culation of ionospheric wind dynamic effects (Richmond
et al., 1992) is included. The primary external drivers of
the model are solar irradiance, magnetospheric energy,
and tidal perturbations at the lower boundary of the
model. Magnetospheric energy inputs include particle
precipitation and high-latitude electric fields, which drive
convection. The current version of TIEGCM (v2) uses a
fixed grid with spatial resolution of 2.5° x 2.5° x half scale
height spatial resolution (longitude x latitude x altitude)
with 30 second temporal resolution. As with CTIPe, the
vertical extent of the model is defined by pressure with
typical range of 97 km to 500 km. The model can be down-
loaded directly from the NCAR website at http://www.
hao.ucar.edu/modeling/tgcm/.

GITM is the most recent of the widely used GCMs. It
differs from CTIPe and TIEGCM as follows: (1) spatial
resolution is flexible; (2) the assumption of hydrostatic
equilibrium is dropped allowing for vertical acceleration;
(3) the adoption of an altitude grid instead of scaling by
pressure; (4) advection is solved explicitly; (5) chemistry
is solved explicitly without the assumption of chemical
equilibrium. As a result, the time step in GITM is 24
s. The model uses the same magnetospheric drivers as
CTIPe and TIEGCM, viz. high-latitude electric fields
and energetic particle precipitation.

As described in section 1.2 (energy entering the IT sys-
tem), the primary coupling to magnetospheric energy
input is via the empirical models of the high-latitude elec-
tric field provided by the W05 or Cosgrovel4 models, or
an inversion of assimilated high-latitude data from
the AMIE model. More rarely, MHD models such as
the Block-Adaptive-Tree-Solarwind-R oe-Upwind-Scheme
(BATS-R-US) (Powell et. al., 1999), Open Geospace

General Circulation Model (OpenGGCM) (Raeder
et al.,, 1998), or Lyon-Fedder-Mobarry (LFM) model
(Lyon et al., 2004) can be coupled directly to the IT models
(CTIPe, TIEGCM, GITM, or others), which removes the
need for separate high-latitude electric field specification.

1.4. MODEL ASSESSMENT

Rastaetter et al. (2016) carried out a comprehensive
comparison of a number of empirical and physics-based
models for 6 events selected for the GEM-CEDAR mod-
eling challenges. The goal of the challenge was specifica-
tion of Poynting flux. DMSP F15 observations were
provided for validation purposes. The models used in
the comparison included:

1. Space Weather Modeling Framework (SWMF)
(Toth et al., 2005, 2012), which couples BATS-R-US to
the Rice Convection Model (Wolf et al., 1982; Toffoletto
et al., 2003), which, in turn, is coupled to the Ridley Ion-
osphere model (Ridley et al., 2004);

2. OpenGGCM coupled to the Coupled Thermosphere
Tonosphere Model (CTIM) (Fuller-Rowell et al., 1996),
an earlier version of CTIPe (Two versions of OpenGGCM
with different resolution were part of the study);

3. Coupled Magnetosphere Ionosphere Thermosphere
(CMIT) model (Wang et al., 2004; Wiltberger et al.,
2004), which couples the LFM magnetosphere model to
TIEGCM and the MIX ionosphere solver and coupler
(Merkin & Lyon, 2010) (CMIT (LGM-TIEGCM-MIX)
and LFM-MIX were run as separate models);

4. TIEGCM with W05 providing high-latitude electric
fields;

5. CTIPe with W05 for high-latitude electric fields;

6. W05, three versions run with solar wind input pro-
vided by different models;

7. Cosgrovel4, two versions run with solar wind input
provided by different models.

The models were divided into physics-based (models
1-5 of the list above), or empirical (models 6 and 7 of
the list above). Results of the comparison varied for the
six selected events, which ranged from a relatively small
storm event with the minimum in Dst of -40 nT, to the
Halloween storm with Dst,;, of -353 nT. Figures 1.7
and 1.8, reproduced from Figures 6 and 11 by Rastaetter
et al. (2016), show the model versus data for the Hallow-
een storm (29-30 October 2003) when Dst was -353 nT,
and an interval from 9-12 July 2005 when Dst,,;, was
-89 nT, respectively. We use these examples as illustra-
tions of a strongly driven superstorm as the Halloween
storm was, and an event of sustained low magnetic activ-
ity in July 2005 for contrast. In the figures, physics-based
models are at left (panels (a) through (d)), empirical mod-
els are at right (panels (e) through (g)). The Poynting flux
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intertropical convergence zone 215,
216, 266
low solar activity 263-264
N-I coupling 214-215
stage 1 of upwelling paradigm 236,
237-239
seismic disturbance see earthquakes
Sen-Wyller formulation, refractive index
of radio waves propagating in the
ionosphere 450-451, 452, 453
shielding electric fields, low latitude
ionosphere 315, 317-319,
322-323
single-lobe reconnection (SLR) 40
skywave see over-the-horizon radar
systems
slant total electron content (STEC),
earthquake studies 512-518, 520
SLR see single-lobe reconnection
small-scale processes
cap patches 53
global impacts  56-57
high latitude ionosphere 50-51
subauroral polarization stream wave
structures 139, 140, 144, 145,
147-149, 151-153, 154
small-scale quantities, global
distribution 57-58
small-scale structures
subauroral geospace 139-158
subauroral ion drift events 146-147
subauroral polarization stream
events 147-149
small-scale traveling ionospheric
disturbances (SSTIDs) 474-475,
476, 477
SMC see steady magnetospheric
convection
soft electron precipitation 86
heating effects and upflows 53,
74-75, 78, 85, 108, 356
outside auroral zones 10
PMAFs 51,75
polar cap patches
solar activity
classic polar wind 84
DMSP satellite EPB data 228-231
equatorial spread F in low
activity  256-264
sunspot number as proxy 205,
495, 496
solar flux, equatorial electrojet 283,
288, 289-290, 291
solar irradiation
influencing magnetotail lobe
density 129
source for polar cap patches 70,
73,757
see also extreme ultraviolet irradiation
solar quiet (Sq) current system, equatorial
electrojet 282-285, 288
solar terminator effects, HF radio wave
instrument disturbance 462, 464
solar tides

53, 74-75

equatorial electrojet 282, 288,
290-291, 295
sudden stratospheric
warmings 374-375, 376, 382,
386, 388
solar wind
dynamic pressure influencing
magnetotail lobe density 129
H" ions affecting magnetosphere
dynamics 91-92
magnetosphere/ionosphere/
thermosphere coupling 3-7
solar wind-magnetosphere—ionosphere
(SW-M-I) system, ion outflow
effects 87-109
solar wind—-magnetosphere (SW-M)
system, O" ion outflow effects on
convection state 94
solstice asymmetry, equatorial
spread F 229
Sounding of the Atmosphere using
Broadband Emission Radiometry
(SABER), TIMED satellite 173,
411, 412, 413, 533
South Atlantic magnetic anomaly
(SAA) 121
space-based observations
equatorial electrojet 282, 283-284
magnetotail lobe density
data 128-135
mesoscale and small-scale structures in
subauroral geospace 140-149
polar cap density structures 68-69
spacecraft potential, plasma density
estimation 128
space weather effects
equatorial spread F 185
O" ion outflow 109
split polar vortex, sudden stratospheric
warming category 372
sporadic-E (Es), HF radio wave
propagation 482-489
SPS see Standard Positioning Service
SPWs (SPW1/SPW2/SPW3/SPW4) see
stationary planetary waves
Sq see solar quiet current system
SSN see sunspot number
SSTIDs see small-scale traveling
ionospheric disturbances
SSWs see sudden stratospheric warmings
stable auroral red (SAR)
arcs 78, 139
Standard Positioning Service (SPS),
GNSS 495, 496, 497-502
standards for aviation navigation
systems 496
stationary planetary waves (SPWs/
SPW1-SPW4) 166, 388, 411
steady magnetospheric convection
(SMC) 33,38
steady state magnetospheric convection
(SMC), O ion outflow
effects 94, 96, 102, 107
steady state magnetospheric/ionospheric
convection

corotation and dawn-dusk
asymmetries 28-30
current systems 30-33
electrostatic potential and magnetic
flux 27-28
STEC see slant total electron content
storm-enhanced density (SED)
causes 122
definitions and usage 119
multiscale dynamics 51, 52
polar caps 67-68, 70, 72, 74, 75-76
storm-enhanced density (SED) plumes
causing mid-latitude ionosphere
instabilities 402
characteristics 119-120
comparing high and mid/low
latitudes 121
current research trends 122-123
cusp and magnetosphere 122
decay mechanisms 122
definition 119
formation processes 121-122
ionospheric plasma instabilities 402
longitudinal dependences 403-406
midlatitude ionosphere 117-126,
403-406
observations 117-119, 121
plasma in cusp/magnetosphere 122
propagating in cusp 52
radio wave effects in mid-
latitudes 402
statistical analysis in mid-
latitudes 120
subauroral polarization stream
relationship 402
see also tongues of ionization
storm-time equatorial electric
fields 173-177
climatological seasonal and
longitudinal effects 174-176
model studies of equatorial-
disturbance drifts 176-177
penetration electric fields 323-327
stormtime phenomena, thermospheric
variations driven by ionospheric
dynamics 355-356
stormtime signatures, zonal neutral wind
effects 346-347
streamers see auroral streamers
strong equatorial spread F,
misinterpretation of weak
equatorial spread F 209, 259
subauroral geospace, mesoscale and
small-scale structures 139-158
subauroral ion drift (SAID) 140-141,
144, 145, 146-147, 149, 154
subauroral ionosphere 115-158
cross-regional processes 56
ion and electron temperature
elevation 140-141, 143, 147,
151, 154
ionosphere—thermosphere
coupling  339-368
neutral wind responses to ionospheric
disturbances 357-360



wave-particle interactions 141
see also midlatitude ionosphere
subauroral polarization streams
(SAPS) 144-154, 357-362
formation from substorm current
wedge 140
ion-neutral frictional heating 360
ionosphere—thermosphere
coupling 357-360
longitudinal dependences 403406
neutral wind enhancement effects 358
propagated by streamers and auroral
flow 56
storm-enhanced density plumes
relationship 120, 121, 122, 402
thermospheric density
enhancement 358
upwellings 360
subauroral polarization stream wave
structures (SAPSWS) 139,
140, 144, 145, 147-149,
151-153, 154
substorm current wedge (SCW) 37, 54,
140, 322
substorms
auroral arcs 53, 54
magnetospheric energy input into
ionosphere 16
magnetospheric/ionospheric
convection 23, 30, 33,
36-39, 41
mesoscale precipitation structures 50
overshielding 322-323, 324, 325
typical sequence 54
see also Time History of Events and
Macroscale Interactions during
Substorms
sudden stratospheric warmings
(SSWs)  369-400
categorization 371-372
counter electrojets 294
coupling to other atmospheric
layers 374
definitions 370, 371-372
equatorial electrojet relationship
293, 294, 295
equatorial ionosphere quiet-time
variability 172
high-latitude ionosphere
ionosphere—thermosphere
coupling 386, 388-391
ionospheric response  379-391
low-latitude ionosphere 379-384,
390-391
equatorial spread F 383
longitudinal features 381-382
modeling  390-391
other phenomena 382-384
tidal effects 382
variation with solar
activity  379-381
lunar tidal effects 172, 293, 294, 295,
374-375, 376, 381, 382, 384,
388, 389
mechanisms producing 373

172,

385

mesosphere and lower
thermosphere 374-375, 386,
388-389
mid-latitude ionosphere
modeling 385-391
low-latitude ionosphere
mesosphere and lower
thermosphere 386, 388-389
thermosphere effects 386,
388-389, 391
numerical simulations 385-391
phenomenology 370-371
solar activity effects 379-381
thermosphere effects 374-379
geomagnetic storms 379
global cooling effect 378-379
local time dependences 374-376
meridional circulation 377
mesosphere and lower
thermosphere 374-375, 386,
388-389
modeling 386, 388-389, 391
thermal structure 377-378
zonal mean effects 376-379
TIME-GCM simulation 377, 382,
384, 386, 388, 391
summer versus winter hemisphere
O" ion outflow modeling 89
see also seasonal variation
sunspot number (SSN), proxy for solar
activity 205, 495, 496
SuperMAG, networked ground-based
magnetometer array 16, 316
superstorms, Halloween 2003 12, 302,
303-304, 305, 306, 307, 309
suprathermal see nonthermal
SW-M see solar wind—-magnetosphere
system
SW-M-I see solar wind—-magnetosphere—
ionosphere system

384-385

390-391

TAD:s see traveling atmospheric
disturbances

tail reconnection during IMF-northwards
non-substorm intervals
(TRINNIs) 29, 41

TEC see total electron content

temperature climatology, ionosphere—
thermosphere
relationship 340, 341

temperature elevation

mesoscale and small-scale processes in
the subauroral
geospace 140-141, 143-144,
151, 154
see also ion heating; ion-neutral

frictional heating; joule heating

temperature-gradient instability
(TGI) 140, 141, 154

THEMIS see Time History of Events and
Macroscale Interactions during
Substorms

Theoretical Ionosphere Dynamo Model-
Institute of Geology and
Geophysics Chinese Academy of
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Science
(TIDM-IGGCAS) 162
thermosphere
definition 339
ion—neutral frictional heating 360
ionospheric responses in mid/low
latitudes 342-355
neutral species altitude
profiles 339-340
role in O" ion outflow
upwellings 360
variations driven by ionospheric
dynamics 355-360
Thermosphere Ionosphere
Electrodynamics General
Circulation Model (TIEGCM/
TIE-GCM) 11, 12
equatorial electrojet 285
equatorial ionospheric
electrodynamics
174, 175
polar cap density structures 74
subauroral thermospheric responses
to ionospheric
dynamics 360, 362
Thermosphere-lonosphere-Mesosphere-
Electrodynamics General
Circulation Model (TIME-GCM)
equatorial ionospheric
electrodynamics
174, 176
sudden stratospheric warmings
382, 384, 386, 388, 391
Thermosphere—Ionosphere—Mesosphere
Energetics and Dynamics
(TIMED) satellite 177
GUVI 174, 306, 352
SABER 173, 411, 412, 413, 533
three-dimensional modeling
equatorial electrojet 284, 285
equatorial spread F 188-191
three-dimensional numerical ray
tracing 445, 449, 451-452, 456
tidal effects
equatorial electrojet 290-293
HF radio wave instrument
disturbance 464-465
sudden stratospheric
warmings 374-375, 376, 382,
390-391, 392
see also lunar tides; solar tides
TIDM-IGGCAS see Theoretical
Tonosphere Dynamo Model-
Institute of Geology and
Geophysics Chinese Academy of
Science
TIDs see traveling ionospheric
disturbances
TIEGCM or TIE-GCM see
Thermosphere Tonosphere
Electrodynamics General
Circulation Model
TIMED see Thermosphere—Ionosphere—
Mesosphere Energetics and
Dynamics satellite

108-109

165, 172,

168, 172,

377,
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time-dependent magnetospheric/
ionospheric convection 33-41
TIME-GCM see Thermosphere-
Tonosphere-Mesosphere-
Electrodynamics General
Circulation Model
Time History of Events and Macroscale
Interactions during Substorms
(THEMIS)
all-sky imager array 50, 54, 55, 56
space observations 75, 120, 141,
142-143
time varying convection, forming polar
cap density structures 51
tongues of ionization (TOIs)
multiscale dynamics 51, 52
polar cap density structure
research 67-68, 70-71, 74,
75-76, 78
polar cap patches comparison 68
storm-enhanced density plumes 118,
122, 357
total electron content (TEC)
data sources 16, 68-69
depletion in low latitudes causing build
up in
mid-latitudes 121-122
equatorial ionization
anomaly 302-309
geomagnetic storms 478, 480
gradients 120, 506
medium-scale traveling ionospheric
disturbances 422, 431-432, 433
rate of change index 229, 230, 245,
249-250, 404-406, 408, 409
storm-enhanced density
events 117-121, 357, 402
sudden stratospheric warming
effects 379-380, 381, 382,
384-385, 386, 392
thermospheric neutral wind
effects 341, 343, 346-347, 357
tsunami effects 532
variation affecting to navigation
systems 496-497, 504, 505-506
see also GNSS TEC data/mapping
TPBL see turbulent plasmasphere
boundary layer
transient reconnection, polar cap patch
creation 74-75
transverse magnetic TM, mode waves in
the Earth-ionosphere
waveguide 315, 316, 329-330,
331, 333, 334
traveling atmospheric disturbances
(TADs), stormtime I/T
coupling 355
traveling ionospheric disturbances
(TIDs) 117, 121, 173, 215, 316,
442, 448-449, 477478, 513
classification 421-422
intertropical convergence zone
tsunamis 527, 530-540
see also large-scale traveling
ionospheric disturbances;

215

medium-scale traveling
ionospheric disturbances; small-
scale traveling ionospheric
disturbances

TRINNIs see tail reconnection during
IMF-northwards non-substorm
intervals

tropospheric weather effects, sudden

stratospheric warmings 374
tsunamis 527-542
acoustic-gravity wave
theory 528-529, 536
airglow disturbances 531-534

atmospheric wave
generation  529-531
Deep-ocean Assessment and Reporting
of Tsunamis data 218, 534,
538, 539
early warning systems 523
earthquake relationship 513, 514,
516, 527
electron depletion 512, 519
forecasting 539
gravity wave generation 411, 512,
513, 514, 527-539
gravity wave-TID
relationship 534-539
modeling 528, 532, 533, 534-539
theories 528-529, 531-532
traveling ionospheric
disturbances 527, 530-540
turbulent plasmasphere boundary layer
(TPBL) 140-147
twin-cell convection patterns, high
latitude ionosphere 21-22, 27,
28, 41
two-dimensional modeling
equatorial electrojet 284, 285
equatorial spread F 187-190
two-dimensional numerical ray
tracing 443-445, 447-449, 456
two-dimensional observations, electrified
medium-scale traveling
ionospheric disturbances 422
type-2 magnetic disturbances of polar
origin (DP2), effects in low
latitudes 316-335
Type I/Type I1 O" ion upflows 85

U see neutral wind
UHF scintillation
ultraviolet (UV)
far ultraviolet O 135.6 nm
emissions 532, 540
Global Ultraviolet Imager
306, 352
IMAGE satellite-based EUV/
FUV 23,75, 120, 121, 403
solar radiation driving thermospheric
winds 164
see also extreme ultraviolet irradiation
undisturbed ionosphere
definition 442
HF radio wave propagation
442-458

139, 140, 148

174,

United States of America, east-west
difference in zonal neutral wind
and declination effects 343-344
upwelling paradigm
equatorial spread F 233-256
importance of description
264-265
origins 205-208, 235-236
overview 236-237
source of growth 265-266
stage 1 (seeding) 236, 237-239,
266267
stage 2 (upwelling growth) 236,
239-245, 265-266
stage 3 (EPB development) 236,
245-247, 267-268
stage 4 (evolution and decay) 236,
247-256
validation experiments
upwellings
ionosphere—thermosphere
coupling 360
postsunset rise relationship in
equatorial spread
F development 218-221

242-245

vector-drift velocity data, equatorial
spread F 191-192
velocity filtering effect, O" ion
outflow 88, 89
velocity shear, equatorial spread F 212,
213-214, 236, 239, 254, 255, 256,
266, 269, 270
vertical coupling, equatorial
spread F 239
vertical drift
longitudinal dependences 410-414
measurement by Ion Velocity
Meter on C/NOFS 166, 170,
404, 409, 410
vertically incident sounding (VIS), HF
radio wave propagation 442,
458, 465-466, 468473,
475-477, 484
vertical structure of ionosphere,
electrified medium-scale traveling
ionospheric
disturbances 425-426
vertical total electron content (VTEC)
earthquake studies 513, 516, 518,
520, 521, 522-523
tsunamis 533
very high frequency (VHF) amplitude
scintillations 402
very high frequency (VHF) coherent
radar 434
very low frequency (VLF) radio waves,
earthquake effect
studies 512
VIS see vertically incident sounding
VTEC see vertical total electron content

WO05 see Weimer (2005) Model
WAAS see Wide Area Augmentation
System



wave energy, magnetosphere/ionosphere/
thermosphere coupling 16

wave-particle interactions, subauroral
ionosphere heating 141

wave-particle interactions (WPI), O ion
outflow 85, 86

WDC see World Data Center

weak equatorial spread F 209, 259

see also amplitude scintillation;

bottom-type echoes; frequency
spread F

Weddell Sea Anomaly (WSA) 349,
351, 352

Weimer (2005) Model (W05) 5-9, 12

westward drifting bottom-type echoes,
equatorial plasma
bubbles 252-253
Wide Area Augmentation System
(WAAS) 402, 406, 496,
502-504
wind dynamos 161, 165, 178, 196, 290,
293, 296, 303, 309, 334
see also dynamo effects
winter stratosphere see sudden
stratospheric warmings
winter versus summer hemisphere
O" ion outflow modeling 89
see also seasonal variation
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World Data Center (WDC) for
Geomagnetism 316

WPI see wave-particle interactions

WSA see Weddell Sea Anomaly

year to year persistence of climatology
patterns, DMSP satellite
data 228-229

zonal mean effects, sudden stratospheric
warming effects on
thermosphere 376-379

zonal neutral wind, ionospheric
longitudinal variations
modification 342-351



