JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 7?77, XXXX, DOI:10.1029/,

. Analysis of thermospheric response to magnetospheric inputs
Yue Deng, Astrid Maute, Arthur D. Richmond and Ray R. Roble

. High Altitude Observatory, National Center for the Atmospheric Research,

s Boulder Colorado, U.S.A.

Yue Deng (e-mail: ydeng@ucar.edu), Astrid Maute (e-mail: maute@ucar.edu), Arthur D. Richmond

(e-mail: richmond@ucar.edu), Ray G. Roble (e-mail: roble@ucar.edu).

DRAFT September 24, 2007, 5:37pm DRAFT



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
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Abstract.

Coupling a new empirical model of the Poynting flux with the NCAR-
TIEGCM, the influence of the high-latitude energy inputs and heating distri-
butions on the global thermosphere are investigated. First, in order to show
the contribution of the electric field variability to the energy input and ther-
mospheric temperature, model results are compared for simulations where
Joule heating is calculated with the average electric field (called "simple
Joule heating”) and where Joule heating is adjusted according to the Poynt-
ing flux from the empirical model. In the northern (summer) hemisphere,
the Poynting flux has a peak in the dayside cusp, which is missing in the
atitude-integrated simple Joule heating. The hemispheric integral of the
Poynting flux is approximately 30% larger than the integral of smple Joule
heating, and the polar average (poleward of 40°) temperature calculated with
the Poynting flux increases by 85-95 K, which is more than 50% of the tem-
perature increase caused by the polar energy inputs. Second, three different
methods to distribute the Poynting flux in atitude are investigated. Different
heating distributions cause a difference in the polar average of heating per
unit mass as high as 40% at 160 km altitude. Consequently, the difference
of the polar average temperature among these three cases is close to 30-50
K. These results suggest that not only the total amount of energy input, but
the way to distribute the energy in altitude is significant to the impact of the

magnetosphere on the thermosphere and ionosphere.
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DENG ET AL.: INFLUENCE OF THE MAGNETOSPHERIC INPUTS X-3

1. Introduction

Electric fields and currents associated with magnetosphere-ionosphere interactions, aong
with auroral particle precipitation, are important sources of thermospheric energy and momen-
tum, affecting the global thermospheric temperature, density, composition, and winds [e.g.,
\olland, 1979; Fuller-Rowell and Rees, 1980, 1981, Roble et al. 1982; Fuller-Rowell et al.,
1987,1997; Rees and Ruller-Rowell, 1989; Crowley et al., 1989; Mikkelsen and Larsen, 1991,
Rees, 1995; Rishbeth and Miiller-Wodarg, 1999; Immel et al., 2001]. The effects are strongest
during and following magnetic storms, but also influence the quiet thermosphere. To develop
first-principle thermospheric models with forecast capabilities therefore requires accurate in-
formation about the magnetospheric inputs. Although global general-circulation models are
able to reproduce the general features of thermospheric responses to magnetospheric inputs, the
guantitative application of these models for predictive purposes is limited by uncertainties in
the intensities and distributions of the inputs. This limitation applies not only to thermospheric
genera circulation models (TGCMs) used for analyses of thermospheric variability, likethe Na-
tional Center for Atmospheric Research (NCAR) Thermosphere-lonosphere-Electrodynamics
General-Circulation Model (TIE-GCM) [Roble et al., 1988; Richmond et al., 1992], the Cou-
pled Thermosphere-lonosphere-Plasmasphere model (CTIP) [Millward et al., 2001] and Global
lonosphere-Thermosphere model (GITM) [Ridley et al., 2006], but also to climatological mod-
els that include coupling to the lower atmosphere, like the NCAR Thermosphere-lonosphere-
Mesosphere-Electrodynamics General-Circulation Model [Roble and Ridley, 1994] and the

NCAR Whole Atmosphere Community Climate Model (WACCM) [Garcia et al., 2007].
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Joule heating per unit volume, ¢, can be calculated from the relation
q; =op(E+u, x B)2
= pAp(E xB/B* —u,,)* (1)

Ap=o0pB?/p (2)

where o p isthe Pedersen conductivity, Ap isthe Pedersen ion-drag coefficient, E isthe electric
field, B isthe magnetic field, u,, isthe neutral wind velocity, u,,; isitscomponent perpendicular
to B, and p isthe neutral density. The Joule heating rate is related to the total electromagnetic

energy transfer rate to the thermosphere, J - E (where J isthe electric current density), by
J'E:q(]—i-unJ_'JXB (3)

[e.g., Lu et al., 1995; Thayer et al., 1995; Fuijii et al., 1999]. The last term in (3) represents the
rate of work done by the Ampere force on the wind. For time scales longer than a minute or
S0, the electromagnetic energy transfer rate equal s the convergence of the perturbation Poynting
vector (or Poynting flux) S:

J-E=-V-S. (4)
S=E x AB/yy (5)

where AB is the magnetic perturbation due to ionospheric and field-aligned currents and
is the permeability of free space. If (4) is integrated over the entire volume of ionospheric
regions where J has a component parallel to E (essentially those regions of significant Pedersen
conductivity), and if Gauss theorem is applied, it is found that the integral of the downward
component of Sover the top of the ionosphere, Sy.wn, €qualsthe volumeintegral of J - E, since

the integral of the upward component of S over the bottom of the ionosphere vanishes. In fact,
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DENG ET AL.: INFLUENCE OF THE MAGNETOSPHERIC INPUTS X-5

it is often agood approximation to relate the local value of Sy, a thetop of the ionosphere to
the height integral of J - E [e.g., Kelley et al., 1991]. Gary et al. [1994, 1995] have summarized
observations of Sy, from Dynamics Explorer-2 (DE-2) spacecraft data. Lu et al. [1995] and
Thayer et al. [1995], using TGCM simulations, have shown that the height integralsof J - E and
of ¢, tend to be comparable, although positive or negative differences on the order of 25% can
exist. When further integrated horizontally [Lu et al., 1995], the two quantities were found to
have very similar values. That is, in an average sense the net amount of electromagnetic energy
transfer to the kinetic energy of the wind (the last term in (3)) is usually only a small fraction
of the Joule heating and the local value of Sy, approximately equals to the height integral
of Joule heating. ( We should note that estimates by Fujii et al. [1999] from EISCAT radar
measurements found a considerable fraction of J - E going into u,, - J x B on the average.
However, the estimation of u,, - J x B from radar data is sensitive to the assumed model of
ion-neutral collision frequency, and so this result should be treated with caution.)

Empirica models have been developed to characterize the auroral precipitation [e.g., Hardy
et al., 1987, 1991; Fuller-Rowell and Evans, 1987; Sharber et al., 2000] and high-latitude
electric potential [e.g., Foster et al., 1986; Ruohoniemi and Greenwald, 1996; Ridley et al.,
2000; Weimer, 2001] under various geophysical conditions. These empirica models are often
used to force TGCMs. However, the model s of the electric potential represent only the statistical

average of the vector field E, (E). The difference between E and (E),

E' =E — (E) (6)

is not negligible. For the purposes of the present work, we call E’ the “residual €electric field.”
Codrescu et al. [1995] pointed out that E’ might contribute significantly to the total ther-

mospheric Joule heating, because of the non-linear dependence of the heating on the electric
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field. Indeed, Codrescu et al. [2000], Crowley and Hackert [2001], and Matsuo et al. [2003]
showed that the mean square of E/, (E’?) can be comparable to or even larger than the square
of the mean E, (E)2. It is expected that E’ varies considerably more rapidly than (E), and in
a rather random fashion, so that it will tend to be uncorrelated with u,,, and the Poynting flux
associated with it will therefore tend to go nearly entirely into Joule heating. Some modeling
studies [e.g., Emery et al., 1999] have attempted to account for the additional heating by mul-
tiplying the calculated Joule heating by a substantial factor, sometimes as large as 2.5, in order
to obtain thermospheric responses that are reasonably consistent with observations. Because of
the importance of theresidual electric field on Joule heating, there is aneed to quantify the Joule
heating associated with it in away consistent with the empirical model of electric potentia used
as TGCM inputs. In this paper, the Joule heating is specified two ways. one way, either calcu-
lated from the average electric field, or specified by the Poynting flux from an empirical model
based on the Dynamics Explorer 2 (DE-2) satellite data. The difference between them indicates
the contribution from the residual electric field.

Because the thermosphere and ionosphere do not necessary respond in a linear fashion to
the high-latitude energy inputs, certain aspects of their response can be quite sensitive to the
intensity and distribution of the inputs. For example, the boundary between midlatitude regions
where the O /N, densities are increased or decreased during a storm, which strongly influences
the boundary between regions of positive and negative ionospheric storm effects, depends on
the intensity of high-latitude heating, with consequent upwelling and equatorward transport of
molecular-rich air [e.g., Richmond and Lu, 2000]. Another nonlinear effect we will discuss fur-
ther in the next section concerns the thermospheric response to distribution of the Joule heating.

Concentrated heating can lead to significantly greater net upwelling of molecular species than
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the same amount of total heating spread over a larger area [Smith, 2000]. In this study, three
different waysto distribute the Poynting flux in altitude are compared to emphasi ze the response

of thermosphere to the distribution of energy inputs.

2. Modéd description and simulation conditions

2.1. Poynting flux empirical model

A comprehensive, mutually consistent set of models of high-latitude thermospheric forcing is
devel oped by analyzing observations of electric and magnetic fields and ion drift velocitiesfrom
the DE-2 spacecraft, and will be detailed in a separate publication. An empirical model of the
downward Poynting flux Sy, at the top of the thermosphere is devel oped using the combined
ion-drift and magnetometer data. The observations are fitted, at each magnetic latitude, to
analytical functions of magnetic local time (MLT), dipole tilt angle with respect to the plane
normal to the Sun-Earth line, and strength and clock angle of the B, and B, components of the
interplanetary magnetic field (IMF).

Empirical models of the electric potential and of the horizontal component of A B above the
ionosphere are constructed from the DE-2 RPA/IDM and MAGB data, and parameterized in
terms of the same parameters as the model of Sy,wn, IN Order to have a mutually consistent
set of models. Weimer [2001] used the DE-2 VEFI electric-field data to construct an empirical
model of high-latitude electric potential, representing large-scale electric fields. Matsuo et al.
[2003] fitted the potentia to the DE-2 RPA/IDM data, with results generally consistent with
the Weimer model [Weimer 2005] except for larger potentials at equinox when the IMF B, is

negative.
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22. TIEGCM

The thermosphere general circulation model (TGCM) [Dickinson et al., 1981, 1984] is a
global circulation model that was developed at the National Center for Atmospheric Research
(NCAR) in the early 80's. It calculates the properties of the upper atmosphere, such as the
temperature, composition and wind velocity. The Thermosphere onosphere-GCM (TIGCM)
[Roble et al., 1988] includes a self-consistent ionosphere, and Thermosphere lonosphere
Electrodynamic-GCM (TIEGCM) [Richmond et al., 1992] is an extension of this model that
incorporates electrodynamic processes. The TIEGCM simulates self-consistently the neutral
winds, conductivities, electric fields and currents. The model aso calculates the neutral gas
temperature and mass mixing ratios of O, No, O, N(2D), N(*S) and NO. It aso solves the
electron and ion temperatures and the number densities of O+, 05, NO*, Ny and N*. The
model has 5° longitude by 5° latitude by 1/2 scale height resolution. The vertical coordinate
has 29 constant pressure levels from approximately 97 km to 500 km altitude. At the lower
boundary (97 km), the model isforced by tidal perturbations. Below 60° magnitude latitude the
electric field is calculated by solving the electrodynamo equations, and above 60° latitude an

electric potential pattern isimposed to describe the electric field.

2.3. Simulation conditions

The high-latitude forcing in the TIEGCM can be specified in different ways, and so there
will be different ways in which the empirical high latitude driver models can be used to help
specify the forcing. One mode of TIEGCM forcing isto use empirical climatological models of
the forcing, varying in time according to the variations of the geophysical parameters used as

inputs to the empirical model (e.g., day of year, UT, and K,). In this paper, the newly developed
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DENG ET AL.: INFLUENCE OF THE MAGNETOSPHERIC INPUTS X-9
empirical models provide the required high-latitude forcing: electric potential and downward
Poynting flux at the top of thermosphere.

Four TIEGCM runs are compared, which are called the "simple Joule heating” case, the
"Poynting-Joule” case, the " Poynting-Pedersen” case and the " Poynting-Diff” case, respec-
tively. For al of the cases, IMF B, = —10nT, Fyo7 = 150 x 10~*1/m?/H z and the hemi-
spheric power (HP) is 16 GW. The ssimulated day number is 181, when the northern hemisphere
isin the summer and the southern hemisphereisin the winter. The differences among these runs
are the energy inputsin the high latitudes and the way to distribute the energy inputsin altitude.
For the "simple Joule heating” case, the TIEGCM is driven by the average electric potential
pattern from the empirical model and the energy input is the smple Joule heating, which is cal-
culated with the average electric field (¢. = gsimpie = 0,((E) + u, x B)?). For the " Poynting-
Joule’ case, the Poynting flux is assumed to be equal to the height-integrated Joule heating. The
Poynting flux is then distributed in altitude proportionally to the calculated simple Joule heating
(ge = %S@m), and used in place of the previously calculated simple Joule heating. For
the " Poynting-Pedersen” case, it is the same as the ” Poynting-Joule” case except the Poynting
flux is distributed in altitude according the Pedersen conductivity (¢. = ﬁsdown). For the
" Poynting-Diff” case, the atitude integrated simple Joule heating and the Poynting flux from
the empirical model are compared. When the Poynting flux is larger than the atitude integrated
simple Joule heating, the difference between them is then distributed in altitude according the
Pedersen conductivity (¢ = gsimpte + ﬁ (Sdown — [ @simpicdh)); otherwise, the simple Joule
heating is reduced by the ratio of the Poynting flux to the atitude integrated simple Joule heat-
ing (g. Sdidh)) in order to avoid the possibility of large negative heating at certain

= {simple fh qsimple

locations. The energy inputs and the distribution methods are summarized in the table 1.
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Table 1 : Energy inputs and atitude distribution methods

Case Simple JH | Poynting-Joule | Poynting-Pedersen Poynting-Diff

Energy input | ssmple JH | Poynting Poynting Poynting

Alt-distribute | NA simple JH Pedersen conductivity | difference according Pedersen
3. Results

3.1. Energy inputs specified by simple Joule heating and Poynting flux

In GCMs, simple Joule heating is internally computed according to the GCM’s algorithms,
based on the smoothed electric field, neutral wind and conductivity. The empirical model of the
Poynting flux gives the magnitude of the Poynting flux, which is then assumed to be equal to
the height-integrated Joule heating. Figure 1 shows the net electromagnetic energy flux from
the magnetosphere into the thermosphere, with the altitude-integrated simple Joule heating on
the left side and the Poynting flux from the empirical model on the right side. It is clear that
they have different distributions as well as different magnitudes. In the northern (summer)
hemisphere, the atitude-integrated simple Joul e heating maximizes on the dawn and dusk sides,
while the Poynting flux has an additional peak in the noon-time cusp region. In the southern
(winter) hemisphere, the altitude-integrated simple Joule heating has a larger maximum value
on the duskside, and the Poynting flux has a more even distribution between dawnside and
duskside. In addition, the summer-winter difference is larger in the Poynting flux than in the
altitude integrated simple Joule heating. The large maximum of the Poynting flux at local noon
in the northern (summer) hemisphere is seasonally dependent and reduced significantly in the
winter. The total energy input (288 GW + 236 GW) for the Poynting flux case is 30% larger
than the simple Joule heating case (207 GW + 190 GW). In the empirical model, the Poynting
flux is computed using point measurements of the electric field and magnetic field, not the

smoothed fields, and shows the total electromagnetic energy input from the magnetosphere. On
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the other hand, the simple Joule heating is cal culated using the average electric field, which does
not include small-scale variations. Thus, this 30% difference indicates the contribution of the
electric field and conductivity variability to the total energy input. In this paper, we concentrate
on the electric field variation assuming that the contribution of the small-scale conductivity
variation is negligible. Since the Poynting flux has a more apparent cusp region peak in the
northern (summer) hemisphere than the southern (winter) hemisphere, the following discussion
concentrates on the northern (summer) hemisphere.

the Poynting flux from the empirical model represents the energy flux at the top of ther-
mosphere, which has atwo dimensional distribution. In order to get athree dimensional profile
of the energy inputs, it is necessary to distribute the Poynting flux in altitude. In the polar re-
gion, the magnetic field is almost vertical and the magnetic field lines are equipotentials, and it
is reasonable to assume that electric field and magnetic field change little with altitude. If the
neutral wind isignored, the altitude distribution of Joule heating only depends on the Pedersen
conductivity, and distributing the Poynting flux in height according the Pedersen conductivity
is very straightforward. After this expansion, the horizontal distribution of the heating per unit
mass in the northern (summer) hemisphere at a particular atitude (400 km), shown in Figure 2,
is similar to the distribution of the total energy flux at the top of thermosphere, shown in Fig-
ure 1. However, since the Pedersen conductivity is not uniform in space, the two distributions
are not identical. For example, in the northern (summer) hemisphere, where the Poynting flux
on the dawnside has a comparable magnitude as on the duskside, as shown on the right of Fig-
ure 1(A), the heating per unit mass on the duskside at 400 km altitude, shown in the middle of

Figure 2, is much larger than that on the dawnside.
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Figure 3 showsthe vertical wind distributions for the simple Joule heating case, Poynting flux
case and the difference between them. The maximum vertical velocity is close to 10 m/s, which
isrelatively small compared with the horizontal velocity. In general, the vertical wind isupward
on the dayside and downward on the nightside. The maximum upward wind and the maximum
downward wind are separated by the day-night terminator. The vertical wind difference, shown
on the right of Figure 3, shows a strong correlation with the heating difference, shown on the
right of Figure 2. For example, the duskside maximum in the heating difference corresponds
to a maximum in the upward neutral velocity difference, while the dawnside minimum in the
heating difference corresponds to the minimum in the vertical velocity difference. Due to the
complexity of the advection, the response of the vertical neutral velocity to the energy input is
not linear. For example, while the difference heating in the cusp is smaller than that at dusk,
the cusp difference neutral wind actually is larger than that on the duskside. Also, the peak
positions do not totally overlap. The region of negative heating difference extends to later local
times than does the negative wind difference, which is shifted toward the nightside by several
hours.

Figure 4 represents the thermosphere-ionosphere response in the northern (summer) hemi-
sphere when the energy inputs are specified by the simple Joule heating and by the Poynting
flux. Asshown in Figure 4(A), the temperature distributions for the simple Joule heating and
the Poynting flux cases have similar structures, with higher temperatures in the afternoon sector
than in the morning sector below 60° latitude. The difference of Poynting flux case from the
simple Joule heating case is in the right column, which shows the temperature increases in the
whole polar region with amaximum of more than 100 K. There are three temperature difference

peaks, in the late-morning sector, on the dusk side, and around midnight. Interestingly, the tem-
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perature difference does not correspond to the heating difference very well. Thisis because the
temperature is under the influence of several mechanisms, including adiabatic cooling, thermal
conductivity and advection, as well as heating. While there is no positive heating difference
in Figure 2 at midnight, there is a positive neutral temperature difference peak in Figure 4 (A)
around midnight at 60° latitude. This neutral temperature increase is possibly correlated with
the downward neutral wind difference, shown in Figure 3 (B), which results in an adiabatic
heating. The increased temperature brings more N to high altitudes, and thus the O/ N, ratio
difference exhibits a negative correlation with the temperature difference. Asshownin Figure4,
on the duskside, where there is a peak in the temperature difference, the O /N, ratio decreases
by more than 0.7 (around 40%) and creates a small green negative region. At 400 km altitude,
where diffusion is more important than chemical reactions to the electron density, a rough cor-
relation between the differences of the O /N, ratio and electron density can be seenin Figure 4.
The electron density decreases in most places where the O/ N, ratio difference is negative. The
distributions show that both the O/ N, ratio and the electron density decrease more on the dusk
side than on the dawn side.

Figure 5 displays the altitude profiles of the polar average (poleward of 40° for the northern
hemisphere and poleward of —40° for the southern hemisphere) heating per unit mass. At
most altitudes, the heating per unit mass in the Poynting flux case is larger than that in the
simple Joule heating case. Also, the summer-winter difference is greater for the Poynting flux
case (red lines) than the simple Joule heating case (black lines). Below 300 km altitude, the
larger summer-winter difference in Poynting flux case is partially due to the 20% greater total
energy input in the summer hemisphere. As a consequence of the hemispherically symmetric

distributions of electric field and particle precipitation in the empirical models, there is almost
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no summer-winter difference for the simple Joule heating at low atitudes. Above 300 km,
interestingly, the heating per unit massin the winter hemisphere (dot lines) islarger than that in
the summer hemisphere (solid lines). The explanation isthat in response to the seasonal neutral
composition change, winter F-region electron densities and thus Pedersen conductivities are
generally larger in winter than in summer.

The polar average neutral temperature for both the simple Joule heating and the Poynting flux
cases are shown in Figure 6. Using the Poynting flux leads to an 85 K temperature increase in
the southern (winter) and 95 K increase in the northern (summer) hemisphere, as compared with
the simple Joule heating case. In order to show wether these 85-95 K temperature increases are
significant or not, we made another run without Joule heating. As shown in Figure 6, compared
with the simple Joule heating case (black lines), the temperature decreases by 160 K (125 K)
in the southern (northern) hemisphere when there is no Joule heating (green lines). Therefore,
those 85-95 K temperature increases are more than 50% of the temperature changes caused by

the polar energy inputs.

3.2. Impact of the Poynting flux distribution
When the average electric field and residual electric field are described separately, the Joule

heating can be written as:

¢; = 0p((E) + E' + uy x B)? (7)

q; = 0,({E) + u, x B)?> + 20, E - ((E) + u, x B) + 0,E”? (8)

In the ” Poynting-Pedersen” case, which is discussed in section 3.1, the Poynting flux is as-

sumed to equal to the altitude integrated Joule heating and the energy inputs are distributed
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proportionally to the Pedersen conductivity. The assumption in this method is that the average
electric field ((E)), electric field variation (E’) and neutral wind (u,,) change little in atitude.
Therefore, the energy input is proportional to the Pedersen conductivity. Two other methods are
also investigated in this study: oneway isto distribute the Poynting flux in height proportionally
to the simple Joule heating cal culated with the average electric field (¢, ((E) + u,, x B)?). This
method, called " Poynting-Joule”, assumes that E' « ((E) + u, x B), which implies that the
neutral winds respond to the change of ion drag force very quickly and totally follow the electric
field variation. The other way, named ” Poynting-Diff”, is to distribute the difference between
the Poynting flux and the altitude-integrated simple Joule heating in atitude according to the
Pedersen conductivity in regions where the Poynting flux is larger than the altitude-integrated
simple Joule heating. For places where the Poynting flux is smaller than the altitude-integrated
simple Joule heating, the simple Joule heating is reduced by a certain ratio to make the atitude-
integrated Joule heating equal to the Poynting flux. In thisway, it is assumed that the neutral
wind does not respond to the electric field variation at all and theresidual electricfield, E’, isnot
correlated with the average electric field (E). The second term in equation (8) vanishes (on the
average), and the difference between the Poynting flux and the altitude-integrated simple Joule
heating is the third term in equation (8). This difference is proportional to o, since E’ changes
little with altitude. From the assumptions of the three methods, it seems that the ” Poynting-
Diff” is the most reasonable way to distribute the Poynting flux, since the neutral wind is not
constant in altitude, nor does it respond to the electric field variation very rapidly. But in order
to the evaluate the different methods, they need to be compared with observations to test which

way matches the known features of thermospheric variability best.
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Figure 7 shows the heating per unit mass at 400 km altitude for the three different ways
to distribute the Poynting flux in altitude. Interestingly, the three cases have different alti-
tude distributions of heating, while they have exactly the same energy inputs at the top of
thermosphere. While the " Poynting-Joule” case has a maximum value on the dawn side, the
" Poynting-Pedersen” distribution has more significant maxima in the cusp region and on the
dusk side, and the " Poynting-Diff” has a similar distribution as the ” Poynting-Pedersen” case,
except that the dawn cell is enhanced.

In order to investigate the impact of the energy distributions on the thermosphere, the dif-
ference of each case from the background case (ssmple Joule heating) is shown in Figure 8,
including the difference distributions of the heating per unit mass, vertical wind and tempera-
ture with respect to the ssmple Joule heating case. The vertical wind difference shows a strong
influence from the heating difference, and basically, where there is a positive (negative) heat-
ing difference, there is an upward (downward) vertical wind. Because the heating differenceis
not the only forcing for the vertical wind difference, there are some other vertical wind differ-
ence peaks without corresponding heating difference peaks, such as the upward wind difference
close to 02 LT around 60° latitude in the " Poynting-Pedersen” case. Figure 8 (C) shows that
the " Poynting-Joule’ case has the smallest temperature variations and the ” Poynting-Pedersen”
case hasthe largest. There is a persistent temperature increase maximum around 9-13 LT in the
morning sector below 60° latitude, which is possibly caused by the variation of horizontal and
vertical convection. The position of the second temperature difference peak varies from case to
case. The " Poynting-Joule” case maximizesin the early morning sector around 60° latitude, but
the " Poynting-Pedersen” case has a maximum on the dusk side, which is related to the maxi-

mum Poynting flux on the dusk side, as shown in Figure 8 (A). The " Poynting-Diff” case has a
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similar distribution as the ” Poynting-Pedersen” case, except that the magnitude is reduced. The
distribution of the temperature difference does not correspond to the heating difference very
well, which is due to the contribution of other mechanisms, such as adiabatic cooling, thermal
conductivity and advection, as mentioned in the previous section.

As shown in Figure 9 (A), the polar average heating per unit mass in the northern (summer)
hemisphere in the " Poynting-Joule”’ case (blue line) is smaller than in the " Poynting-Diff” case
(green line) and " Poynting-Pedersen” case (red line) above 120 km altitude, while the total en-
ergy inputs from magnetosphere are the same. At 160 km altitude, the ” Poynting-Joul€” is 40%
smaller than " Poynting-Pedersen”, which is caused by the differences in atitude distribution
of energy associated primarily with wind effects. As shown in Figure 9 (B), more energy is
distributed below 120 km altitude in the ” Poynting-Joule” case than in the ” Poynting-Pedersen”
case, and the absol ute value of the heating differenceislarger below 120 km altitude than above
120 km. However, due to the exponential decrease of mass density with height, the difference
of heating per unit mass above 120 km is more significant. Figure 10 shows that all cases using
the Poynting flux to specify the energy input have a consistent enhancement of the polar average
neutral temperature compared with the simple Joul e heating case, and theincreased amplitudein
the northern hemisphere varies from 40 to 95 K depending on the way to distribute the Poynting
flux in atitude. This result indicates not only the total energy input, but also the distribution of

energy can make some difference to the thermospheric response to the magnetospheric inputs.

4. Conclusion and discussion
A new set of quantitative empirical models of the high-latitude forcing of the thermosphere,

including electric potential and Poynting flux, are used with the NCAR-TIEGCM to investigate
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the influence of the high-latitude forcing on the neutral temperature, composition and electron
density.

First, the ssmple Joule heating cal culated with the average electric field and the Poynting flux
from the empirical model are compared to show the contribution of electric field variability to
the Joule heating. The total energy of the Poynting flux is close to 30% larger than the inte-
grated simple Joule heating. In the northern (summer) hemisphere, the Poynting flux has an
apparent cusp peak, which is missing in the atitude-integrated simple Joule heating. Due to
the non-uniform distribution of the conductivity, the distribution of heating per unit mass at 400
km altitude is different from the distribution of total energy flux at the top of thermosphere.
In general, the vertical wind difference between the Poynting flux case and the simple Joule
heating case is upward (downward) where the heating per unit mass difference is positive (neg-
ative). The neutral temperature in the Poynting flux case increases in the whole polar region
compared with the simple Joule heating case and the increased magnitude can reach 100 K.
The distribution of temperature difference does not correspond very well to the distribution of
heating difference, because other mechanisms, such as adiabatic cooling, thermal conductivity
and advection, are important to the temperature as well as the energy source. The decreased
O/ N, ratio shows an inverse rel ationship with the temperature change, and leads to an electron
density reduction in ailmost the whole polar region. The polar average temperature increases by
85-95 K, which is more than 50% of the temperature change caused by the polar energy inputs.

Secondly, the inter-comparison among three different methods to distribute the Poynting flux
in altitude is conducted. The increase of the heating per unit mass, compared with the ssmple
Joule heating case at 400 km altitude, has different distributions and magnitudes for the three

cases. The resulting maximum increase of the temperature varies from 60 to 135 K. Due to
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the differencesin atitude distribution of heating, the polar average of the heating per unit mass
for the " Poynting-Joule” case can be 40% smaller than the " Poynting-Pedersen” case around
160 km altitude, while these two cases have the same amount of the total energy input from the
magnetosphere. The corresponding difference of the polar average temperature between these
two cases is close to 50 K in the northern hemisphere. This result suggests that not only the
total amount of energy input, but the way to distribute the energy are important to the impact of

magnetospheric forcing on the thermosphere and ionosphere.
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(A) Northern (Summer) hemisphere

Simple Joule heating (207 GW) Poynting flux (288 GW)
int. Joule heating neutrals (W/m2) Poynting flux (geo) (W/mx+2)
DAY = 181 UT = 0.00 ZP = -7.00 PERIMLAT = 425 DAY = 181 UT = 0.00 PERIMLAT = 425
2.3e-02
1.1e-02
—6.2e—-05
SOLAR LOCAL TIME (HRS) SOLAR LOCAL TIME (HRS)
(B) Southern (winter) hemisphere
Simple Joule heating (190 GW) Poynting flux (232 GW)
int. Joule heating neutrals (W/m~2) Poynting flux (geo) (W/m+2)
DAY = 181 UT = 0.00 ZP = -7.00 PERIMLAT = —42.5 DAY = 181 UT = 0.00 PERIMLAT = —-42.5
2.3e-02
6 1.1e-02
—6.2e-05

SOLAR LOCAL TIME (HRS) SOLAR LOCAL TIME (HRS)

Flgure 1. Tota energy flux (1W/m?) at the top of thermosphere from the magnetosphere for the (A) northern (summer)
hemisphere and (B) southern (winter) hemisphere on DOY=181. The left column shows the altitude-integrated simple Joule
heating and the right column shows the Poynting flux from the empirical model. The total energy is shown in brackets in the
title. Theoutsidering is 42.5° geographic latitude for the northern hemisphere and —42.5° for the southern hemisphere. All of
the polar distributions in this paper are plotted in geographic coordinates.
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Simple Joyzle heating Poynti ng flux Difference

0, 0, 0
LOCAL TIME LOCAL TIME LOCAL TIME
MIN, MAX= 1.3786E+02 8.0493E+05 INTERVAL= 5.0000E+04 MIN, MAX= -1.2208E+01 8.6825E+05 INTERVAL= 5.0000E+04 MIN, MAX= -5 4112E+05 6 B8894E+05 INTERVAL= 5. 0000E+04

Figure 2. Heating per unit mass (erg/g/s[= 10~*W/kg]) at 400 km altitude in the northern (summer) hemisphere for
(Left) the simple Joule heating case, (Middle) the Poynting flux case and (Right) the difference between these two cases. Note
that the difference distribution has different scale than the heating distributions.

Simple Jogle heating Poyntilrgg flux

0, 0, 0,
LOCAL TIME LOCAL TIME LOCAL TIME
MIN, MAX= -1.3787E+01 1.6478E+01 INTERVAL= 2.0000E+00 MIN, MAX= -1.4273E+01 1.3477E+01 INTERVAL= 2.0000E+00 MIN,MAX= -7.6379E+00 7.4842E+00 INTERVAL= 5.0000E-01

Fi gure 3. SameasFigure 2, but for vertical neutral wind (m/s). Note that the scale for the difference velocity is amplified
by afactor of 2.
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(A) neutral temperature (K)

Simple JogJ e heating Poynti ng flux

Diffelrzence

18 6
LOCALOTIME LOCALOTIME LOCALOTIME
MIN,MAX= 1.0944E+03 1.3874E+03 INTERVAL= 2.0000E+01 MIN,MAX= 1.1563E+03 1.4396E+03 INTERVAL= 2.0000E+01 MIN MAX= 4.0189E+01 1.3638E+02 INTERVAL= 5.0000E+00
(B) O/Nj ratio
Simple Joule heating Poynting flux Difference
12 12 12
18 5]
LOCALOTIME LOCALOTIME LOCALOTIME
MIN,MAX= B8.2782E-01 4.B093E+00 INTERVAL= 2.5000E-01 MIN,MAX= 6.0940E-01 3.6291E+00 INTERVAL= 2.5000E-01 MIN, MAX= -1.5003E+00 -7.0035E-02 INTERVAL= 1.0000E-01
(C) Electron concentration (cm~?)
Simple Joule heating Poynting flux Difference
12 12 12
14 S Sea0
18 6 18 6

LOCAL0 TIME LOCAL0 TIME

0,
LOCAL TIME
MIN, MAX= 3.4548BE+04 2 7072E+05 INTERVAL= 1. 0000E+04 MIN MAX= 2 6646E+04 2 3212E+05 INTERVAL= 1. 0000E+04 MIN, MAX= -5 6424E+04 B8 3733E+03 INTERVAL= 5 0000E+03

Fi gure 4. Same as Figure 2, but (A) for neutral temperature (K), (B) for composition (O/N? ratio) and (C) for electron
density (cm™3).
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Heating (le—4 W/kg) North Ponyt (Ped)
rrrrrrrrr Heating (le—4 W/kg) South Ponyt (Ped)
Heating (le—4 W/kg) North JH
rrrrrrrrr Heating (le—4 W/kg) South JH

o +—"r—"r—"—""r"—"""—"""—7
0 60000 120000 180000

Figure 5. Altitude profile of the polar average (poleward 40° for the northern hemisphere and —40° for the southern
hemisphere) heating per unit mass (erg/g/s[= 10~*W/kg]) for the smple Joule heating case (black lines) and Poynting flux
case (red lines). The solid lines represent the northern (summer) hemisphere and the dash lines represent the southern (winter)
hemisphere.

Tn (K) North no JH

Tn (K) South no JH

Tn (K) North Ponyt (Ped)
''''''''' Tn (K) South Ponyt (Ped)
Tn (K) North simple JH
rrrrrrrrr Tn (K) South simple JH
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0 200 400 600 800 1000 1200 1400

Flgure 6.  Altitude profile of the polar average (poleward 40° for the northern hemisphere and —40° for the southern
hemisphere) neutral temperature (K) for the case without Joule heating in the polar region (blue lines), the simple Joule heating
case (black lines) and Poynting flux case (red lines). The solid lines represent the northern (summer) hemisphere and the dash
lines represent the southern (winter) hemisphere.
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Poynti qg—JouI e Poynti ng-liedersen Poynti ng{-Di ff

LOCAL0 TIME LOCAL0 TIME LOCAL0 TIME

MIN, MAX= -1.2934E+02 5 5627E+05 INTERVAL= 5 0000E+04 MIN, MAX= -1.2208E+01 B 6825E+05 INTERVAL= 5 0000E+04 MIN MAX= -1.2358E+02 8 2266E+05 INTERVAL= 5.0000E+04

Fi gure 7. heating per unit mass (erg/g/s[= 10~*W/kg]) a 400 km altitude in the northern (summer) hemisphere for the
(Ieft) Poynting-Joule, (middle) Poynting-Pedersen and (right) Poynting-Diff cases.
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(A) Difference of heating per unit mass at 400 km (10~*W/kg)
Poynting-Joule Poynting-Pedersen

Poynting-Diff
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(B) Difference of vertical neutral velocity (m/s)
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(C) Difference of neutral temperature (K)
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Figure 8. Thedifference of (A) heating per unit mass (10~*W/kg), (B) vertical neutral velocity (m/s) and (C) neutral
temperature (K) at 400 km altitude in the northern (summer) hemisphere when compared to the simple Joule heating case. The
right column shows the Poynting-Joul e case, the middle column shows the Poynting-Pedersen case and the right column shows

the Poynting-Diff case.
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(A) heating per unit mass (10~ /kg) (B) heating per unit volume (W/m?)
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Figure 9. SameasFigure 5, but blue lines for the Poynt (JH) case, red lines for the Poynt (Ped) case and the green lines
for the Poynt (Diff) case.

Neutral temperature (K)
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Figure 10. sameasFigure 6, but black lines for the simple Joule heating case, blue lines for the Poynting-Joule case, red
lines for the Poynting-Pedersen case and the green lines for the Poynting-Diff case.

DRAFT September 24, 2007, 5:37pm DRAFT




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


