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Abstract.

A new guantitative empirical model of the high-latitude forcing of the
thermosphere, which is the first empirical model with an electric field vari-
ability component consistent with the average electric field, is used with
the NCAR-TIEGCM to investigate the influence of the electric field vari-
ability on the Joule heating, neutral temperature and density. The electric
field variability increases the Joule heating by more than 100%, and signifi-
cantly improves the agreement between the total Joule heating and Poynting
flux, while the horizontal distributions of the height-integrated Joule heating
and the Poynting flux have some detailed differences in the polar cap and
nightside regions. Including the electric field variability into the energy cal-
culation results in significant changes in the neutral temperature and density.
At 400 km, it causes a 120 K polar average temperature increase and the

corresponding percentage difference of density is close to 30%.
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1. Introduction

The thermosphere/ionosphere is forced by solar EUV radiation, high-latitude electrodynam-
ics, particle precipitation and waves propagating from the lower atmosphere. In the polar re-
gion, field-aligned currents from the magnetosphere are closed by ionospheric currents, and
bring a significant amount of energy into the thermosphere/ionosphere. The energy is highly
variable with the geomagnetic conditions and can cause global scale disturbances in the ther-
mosphere/ionosphere during a storm period. However, this energy has usualy been underes-
timated when the general circulation models (GCMs) are driven by climatological convection
models. For example, Emery et al. [1999] needed to mutiply the calculated Joule heating by 2.5
in order to reproduce observed thermospheric responses. Thisinsufficient energy is attributed to
the neglect of the contribution of electric field variability to the Joule heating [Codrescu et al.,
1995]. Using the ion drift data from the Millstone Hill radar, Codrescu et al. [1995] reported
that the electric field variability has a similar magnitude as the average electric field. Indeed,
subsequent studies [Codrescu et al., 2000; Crowley and Hackert, 2001; Matsuo et al., 2003;
Matsuo and Richmond, 2008] showed that the electric field variability can be comparable to or
even larger than the average electric field.

Whilethe significance of electric field variability to the Joule heating has been recognized, we
still face a big challenge to implement the electric field variability in the GCMs appropriately
and conveniently. Empirical models have been developed to characterize the auroral precipita
tion [Hardy et al., 1987; Fuller-Rowell and Evans, 1987] and high-latitude electric potential
[Foster et al., 1986; Ruohoniemi and Greenwald, 1996; Ridley et al., 2000; Weimer, 2001,

Weimer, 2005] under various geophysical conditions, which are often used to force GCMs.
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However, the models of the electric potential represent only the statistical average of the vec-
tor field (E), and the difference between E and (E), called “residual electric field”, has been
ignored. To quantify the Joule heating associated with the residual electric field in away consis-
tent with the empirical model of electric potential used as GCM inputs, a new empirical model
with an electric field variability component has been developed and coupled with the NCAR-
TIEGCM [Raoble et al., 1988; Richmond, 1992], which supplies a more realistic way to include
electric field variability in the energy estimation than through ad hoc increases to the Joule
heating. In this paper, we compare the thermospheric responses to the Joule heating cal culated
either from an empirical model of electric potential, or from both this potential and the empiri-
cal model of electric field variability. The resulting energy inputs then have been validated with
the empirical model of Poynting flux. Including the electric field variability significantly im-
proves consistency between the Joule heating and Poynting flux, and the corresponding neutral

temperature and density increase substantially.

2. Empirical Model of the High Latitude Forcing

Dynamic Explorer 2 (DE-2) is one of only afew spacecraft that measured simultaneously the
electric and magnetic fields, ion velocities, and particle precipitation at low-Earth orbit. By an-
alyzing observations from the DE-2 spacecraft, a comprehensive, mutually consistent model of
high-latitude thermaospheric forcing has been devel oped and will be detailed in a separate paper.
Totally, 2895 satellite passes during August 1981-March 1983 have been used in the process.
The cross-track ion drift measurements are from the lon Drift Meter (IDM), the along-track ion
drift measurements are from the Retarding Potential Analyzer (RPA), and the magnetic field

measurements are from the Fluxgate Magnetometer (MAGB). The electric field E iscalculated
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as —V x B, where V istheion velocity in the Earth frame and B is the geomagnetic field. A
magnetic perturbation field AB is obtained by subtracting a main-field model from the obser-
vations, and then correcting for spacecraft attitude uncertainties by subtracting a straight-line
baseline that goes to zero at +£45° magnetic latitude. The observations were 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 inter-
planetary magnetic field (IMF) obtained from the ACE satellite measurements. Currently, the
empirical model includes four components. electric potential, magnetic potential, electric field
variability and Poynting flux. A consistent auroral particle precipitation model will be devel-
oped in the future through analyzing the ion / electron energy flux data from the Low Altitude
Plasma Instrument (LAPI).

The resultant electric and magnetic potentials from the new empirical model are generally
consistent with those of Weimer [2005], which were derived from the al ong-track components of
electric and magnetic fields. The downward Poynting flux S, @ the top of the thermosphere
is estimated using the combined ion-drift and magnetometer data. In this model, the Poynting
flux is calculated from the point measurements of electric field and magnetic field data from
the DE-2 satellite, and is then fitted to analytical funtions in a similar manner as the electric
and magnetic potentials. The resultant model is similar to the average of the product of E and
AB (ﬂ%), which at some level includes the contribution of the electric field variability. In
contrast, the Weimer [2005] model calcul ates the Poynting flux from the product of average E

and AB as %&. Our model of electric field variability is the root mean square (RMS)
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of the difference between the DE-2 observations EP2 and the eectric field from the model

Emedel of electric potential :

{\L EDE2 _ prmodel)2
O_(E>:\/Zzl( 7 ~ ? ) ’

1)
where the subscript i is for an individual measurements, N is number of measurements, o is
calculated separately for the eastward and poleward components of E. Since the electric field
variability just represents the difference between the DE-2 observation and empirical average
model, it includes both small- and large-scale spatial variations, as well astemporal variations.
The patterns and magnitudes of the electric-field variability, not shown here, are comparable

with those shown by Matsuo et al. [2003]. Thisis the first empirical model in the community

which includes a electric field variability component consistent with the average electric field.

3. Results

To investigate theimportance of electric field variability to the Joule heating, we have coupled
the new high-latitude forcing model into the TIEGCM. Figure 1a shows the distribution of
the altitude-integrated Joule heating from an equinox simulation in the northern hemisphere,
when the empirical electric potential from the new forcing model has been used to drive the
ion drift. The IMF conditions are B, = 0 and B, = —5nT. The hemispheric power of
precipitating auroral particlesis30 GW, and Fyq 7 is150x 10~221W/m? H . Figure 1b isthe same
as Figure 1a, except that the electric field variability from the empirical forcing model has also
been implemented in the TIEGCM. The electric field variation is used by alternating the sign of
the electric field standard deviation from the model for a given point at every time step in both

the north-south and east-west directions. Comparison between Figures 1a and 1b shows that the
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electric field variability increases the Joule heating significantly. For example, the maximum
at dawn and dusk increases from 0.009 to 0.018 1¥/m?. To derive Joule heating from GCMs
requires accurate information about the instantaneous patterns of ionospheric conductivities and
thermospheric winds. The estimates of height-integrated Joule heating need to be calibrated
against techniques less subject to bias, like the estimation of Poynting flux. Figure 1c showsthe
Poynting flux at the top of the thermosphere from the new empirical model. Both Figures 1b and
1c show dawn and dusk peaks with similar magnitudes, and a large energy flux in the dayside
cusp region. But the Poynting flux is larger in the polar cap and smaller on the night side than
the Joule heating cal culated with the average electric field and electric field variability.

Figure 2 shows the hemispherically integrated Joule heating from TIEGCM simulations and
Poynting flux from the new empirical model in different seasons. The difference between the
green columns and dark blue columnsis more than 100%, which indicates the electric field vari-
ability has a comparable contribution to the Joule heating as the average electric field. Thelight
blue columns represent the integrated Poynting flux from the new empirical model. Clearly,
the calculated Joule heating with the average electric field and electric field variability is much
closer to the Poynting flux than that only with the average electric field. Generally, the electric
field variability strongly improves the agreement between Joule heating and Poynting flux. In
summer and winter seasons, the calculated total Joule heating is larger than the Poynting flux,
which is not physical because the generation of wind kinetic energy by the Lorentz force of the
current has a small positive value (not shown), and Poynting flux is equal to the sum of Joule
heating and Kinetic-energy generation [e.g., Thayer and Vickrey, 1992]. This may be caused

in part by inconsistency between the conductivity and the electric field when the Joule heating
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is calculated in the TIEGCM. In the future, the empirical model will also include a consistent
particle precipitation part, which may help to make the patterns of conductivity and electric
field more consistent. The Joule heating calculated with the average electric field in summer is
larger than that in winter, which is similar to the seasonal variation of the Joule heating shown
in Weimer [2005]. Matsuo et al. [2003] presented a clear seasonal dependence of the electric
field variability, with a maximum in winter and minimum in summer. However, in our study
the energy contribution of electric field variability, which isindicated by the difference between
the dark blue and green columnsin Figure 2, has no clear seasonal dependence. Thisis because
the conductance is largest in summer and smallest in winter, which is opposite to the seasonal
variation of electric field variability.

Figure 3a shows the polar average (poleward 47.5°) thermospheric temperature profiles with
different high-latitude energy inputs in the equinox season. The difference between the casein
which only the average electric field is used in the Joule heating cal culation (black) and the case
in which both the average electric field and electric field variability are used (red) is close to
120 K above 300 km altitude. Fesen et al. [1997] reported that the TIEGCM simulated neutral
temperature is 100-200 K lower than the Millistone Hill observation at 300 km for the January
1993 campaign and it was proposed that the discrepancy was due to the underestimate of Joule
heating caused by the electric field variability. The similarity between the temperature differ-
ence shown in this study and that presented in Fesen et al. [1997] indicates that including the
electric field variability will improve the agreement between observation and simulation. Fig-
ure 3b shows the distribution of temperature difference between the two cases with and without

electric field variability at 400 km altitude. The temperature difference is positive in the whole
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polar region, and the maximum differenceis 250 K in the dawnside and the minimum is close to
62 K at lower latitudes. Interestingly, there is no clear relation between the patterns of temper-
ature and height-integrated heating, due to the fact that dynamics has a major influence on the
temperature. As areference, the blue line in Figure 3a shows the temperature profile obtained
when the Poynting flux from the new empirical model has been used to specify the energy input
from the magnetosphere. Since the Poynting flux model contains no information about the alti-
tudes where the el ectromagnetic energy is deposited, the energy has been distributed vertically
as heat according to the Pederson conductivity [Deng et al., 2008]. In Figure 3a, thered lineis
closer to the blue line than to the black line, and the difference between the red and blue lines
is close to 50 K above 300 km, which is related to the total energy difference between Joule
heating and Poynting flux shown in Figure 2.

Figure 4a shows the density percentage difference compared with the case in which the Joule
heating is calculated with the average electric field. When the Joule heating is calculated in-
cluding the electric field variability (red), the polar-average density increases by 30% at 400 km
atitude. Figure 4b shows that the maximum density percentage difference goes to more than
70% and the minimum is above 15% at 400 km. The density differenceis significant and compa-
rable with the density disturbance observed by CHAMP during a moderate geomagnetic storm
[Liu et al., 2005]. Clearly, the variations of density and temperature have different patterns.
One possible reason is that Figure 3b shows the value difference of temperature and Figure 4b
shows the percentage difference of density. Meanwhile, the horizontal convection, as well as
the vertical atmospheric expansion and contraction caused by the variation of temperature, can

change the density distribution significantly .
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4. Summary and Conclusion

The significance of electric field variability to the Joule heating has been pointed out by
Codrescu et al. [1995] and subsequent studies, but it isstill very challenging to include the elec-
tric field variability in the GCMs appropriately and conveniently. A new quantitative empirical
model of the high-latitude forcing of the thermosphere, including electric potential, electric field
variability and Poynting flux, is coupled with the NCAR-TIEGCM to investigate the influence
of the electric field variability on the Joule heating, neutral temperature and density.

In the TIEGCM simulations, the Joule heating has been cal culated with and without the elec-
tric field variability. The integrated Joule heating has been validated with the Poynting flux
from the empirical model. The analysis reveals that the electric field variability increases the
Joule heating by more than 100%, and significantly improves the consistency between the Joule
heating and Poynting flux, while their horizontal distributions have some detailed differencesin
the polar cap and nightside regions.

Including the electric field variability into the energy cal culation results in significant changes
to the neutral temperature and density. For example, it causes a120 K polar average exospheric
temperature increase at 400 km ranging from 62 K to 250 K. The corresponding percentage
difference of density is close to 30% for the polar average, and the localized difference can be

16% to 75%.
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Fi gure 1. (@ Distribution of the altitude-integrated Joule heating from a TIEGCM simulation, when the average electric
field is used in the Joule heating calculation. The IMF conditionsare B, = 0 and B, = —5nT". The hemispheric power is 30
GW and Fio.7 is 150 x 10~ 22T /m? H 2. Geographic coordinates are used in thisfigure. (b) Same as (a), but the electric field
variability from the empirical model is aso included in the calculation. (c) Poynting flux at the top of the thermosphere from
the empirical model.
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Flgure 2. Hemispherically integrated Joule heating from TIEGCM simulations and Poynting flux from the empirical
model in different seasons. The green columns are for the case in which the average electric field is used in the Joule heating
calculation. The dark blue columns are for the case in which both average electric field and electric field variability areincluded
in the calculation. The light blue columns represents the integrated Poynting flux from the empirical model.
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(b) Distribution of temperature difference

(a) Polar average T,, ot 400 km
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Flgure 3. (a) Polar average (poleward 47.5°) thermospheric temperature profiles at equinox with different high-latitude
energy inputs. The black lineis for the case in which Joule heating is calculated with the average electric field. Thered lineis
for the case in which both the average electric field and electric field variability are included in the Joule heating calculation.
The bluelineisfor the case in which the energy input is specified by the Poynting flux from the empirical model (see text). (b)
Distribution of temperature difference between the cases with and without the electric field variability at 400 km altitude.
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(a) Percentage difference of polar (b) Distribution of density percentage
average density difference at 400 km
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Figure 4.  (a) Percentage difference of the polar average (poleward 47.5°) thermospheric density compared with the
average electric field case. The black line is for the case in which Joule heating is calculated with the average electric field.
Thered lineisfor the casein which both the average electric field and electric field variability are included in the Joule heating
calculation. The bluelineisfor the case in which the energy input is specified by the Poynting flux from the empirical model.
(b) Distribution of percentage density difference between the cases with and without the electric field variability at 400 km
atitude.
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