Using DMSP data to quantify the energy input to the upper atmosphere
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INTRODUCTION

The two main external suppliers of energy to the terrestrial upper atmosphere are the sun (UV/EUV) and the
magnetosphere. The magnetospheric contribution is highly time-variable, peaking during the most intense phases of
magnetic storms and substorms. It is supplied in the form of precipitating energetic ions and electrons and the flow of
electromagnetic energy as expressed by the Poynting flux (1/u,ExAB). This energy powers convection, launches
traveling atmospheric disturbances, and drives ion and neutral upwelling. The existence of ion upwelling (and outflow)
has been recognized for many years [1]. Although there was early evidence for a similar process occurring in the
neutral atmosphere [2] [3] a robust study of the effect did not begin until results from the CHAMP mission became
available. The CHAMP accelerometer experiment has confirmed the existence of localized high-Ilatitude density
enhancements [4], often seen in the cusp that are associated with localized field-aligned currents [5] and correlated with
the magnitude of the interplanetary magnetic field [6]. CHAMP has observed traveling atmospheric disturbances
launched from the high-latitude heating region that propagate to mid- to low-Ilatitudes in as little as 2-4 hours [7].

Satellites of the Defense Meteorological Satellite Program (DMSP) carry a suite of space environment sensors whose
data can be used to quantify magnetospheric energy input to the upper atmosphere. These include (1) an ion/electron
precipitation spectrometer (30 eV — 30 keV), (2) a retarding potential analyzer, (3) an ion driftmeter, and (4) a
magnetometer. Data from the spectrometer can be used to quantify precipitating particle energy flux to the atmosphere
while measurements of plasma drifts and magnetic perturbations can be combined to find down-going Poynting flux.
We are using the large DMSP data set to study the partitioning (particle versus Poynting) of the down-going energy flux
as well as its dependence on solar wind conditions and magnetic storm phase.
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Fig. 1 DMSP spacecraft (F15-F20) showing the location of the space environment sensors. These spacecraft are in sun-
synchronous, polar orbits at 830km.
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ENERGY FLUXES FROM DMSP DATA

The ion/electron spectrometer on the DMSP satellites measure the flux of precipitating ions and electrons as a function
of energy in 19-20 logarithmically spaced steps from 30 eV to 30 keV. They are extensively calibrated prior to flight
and cross calibrated on orbit to determine their relative sensitivity and their changing performance with time.
Integration of the ion or electron differential energy flux gives the total precipitating particle energy flux.

The DMSP magnetometers (mounted on a 5 m boom from F15 onward) measure the three components of B to an
accuracy of ~2 nT. AB is found by subtracting IGRF model values from B in spacecraft frame. Because of
inadequacies of the IGRF model and the fact that we use a single IGRF model for the whole 5 year epoch, it is
necessary to remove from the ABs an additional base-line that is not geophysical in origin. This is done for each half
orbit by fitting a polynomial (7" order for ABy; 5™ order for AB;) to data outside of auroral oval and then subtracting
the polynomial for the whole pass. These corrected ABs are combined with the plasma velocity (V) measured by the
driftmeter and retarding potential analyzer (after co-rotation velocity is removed) to find the parallel Poynting flux (S)
via (1):

Si=Un,[ (®eBAB) (1VEBAN) BB ] 1)
where [, is the permeability constant (1.26x10°® H/m).

NOVEMBER 2004 MAGENTIC STORM

As an example of the energy fluxes to the atmosphere observed during a major magnetic we present some results from
the storm of November 2004. The overview of this storm is shown in Fig. 2. Fig. 2(b) shows the Dst index for the
period of 7-11 November 2004. Fig. 2(c), 2(d), and 2(e) show the solar wind conditions (dynamic pressure and
interplanetary magnetic field (IMF)) for the same time interval. Fig. 2(a) gives the Poynting flux, observed by F15,
integrated over each high latitude pass in units of kW/m. As can be seen in Fig. 2 this storm is a so called “double-dip”
storm where after more than a day of recovery, a second activation occurs on 10 November driven by an intensification
of the IMF. Also apparent in Fig. 2 is that the most intense Poynting flux is associated with intervals of high solar wind
dynamic pressure and intense IMF.

Fig. 3 shows details of a southern hemisphere, high latitude F15 pass from 7 November 2004. This pass occurred
between the storm sudden commencement and the beginning of the storm main phase. At the time the solar wind
dynamic pressure was high (~40 nPa) while the IMF had a magnitude of 47 nT with a clock angle of about 50°. The
most intense Poynting flux observed during the pass was in the cusp region (magnetic latitude = -82°; magnetic local
time = 12.6) and exceeded 170 mW/m?. The peak energy flux of the precipitating electrons seen in the same pass was
about 8 mMW/m?. For the whole pass the integrated Poynting flux was 128.8 kW/m and the integrated electron energy
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Fig. 2 Overview of the November 2004 magnetic storm. (a) Integrated Poynting flux observed by F15, (b) Dst, (c) solar
wind dynamic pressure, (d) Z component of the IMF, (e) Y and X components of the IMF.
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Fig. 3. F15 data collected just before the beginning of the main phase of the November 2004 storm. (a) Plasma drifts,
(b) horizontal components of the perturbation magnetic field, (c) parallel (to B) component of the Poynting flux, (d)
precipitating electron energy flux, and (e) precipitating electron energy spectrogram.

flux was 9.5 kW/m. The integrated ion energy flux is about an order of magnitude smaller than the electron energy flux
so clearly, the electromagnetic energy input dominates at this time in the region sampled by F15.

Fig. 4 shows magnetic latitude—magnetic local time dial plots where the F15 orbit track is color coded according to the
intensity of the observed down-going Poynting flux. The dial plot in Fig. 4(a) is the same pass as illustrated in Fig. 3.
Table 1 gives the time shifted solar wind conditions for each pass as well as the integrated Poynting flux and
precipitating electron energy flux for each pass. Pass (b) in Fig. 4 occurs at a time of low solar wind dynamic pressure
but strongly southward IMF. The integrated Poynting flux exceeds the integrated precipitating electron energy flux by a
factor of 20. Pass (c) occurs at a time of high dynamic pressure and moderately southward IMF. Integrated Poynting
flux exceeds integrated electron energy flux by a factor of 15. In both passes (b) and (c) Poynting flux is observed in
the polar cap away from regions of electron precipitation. Pass (d) occurs at a time of elevated dynamic pressure and
strongly northward IMF. Note the intense Poynting flux at high latitudes (> 85°). Although this is typically assumed to
be polar cap there is intense precipitation of > 500 eV electrons at that location. In all four of these passes the integrated
Poynting flux exceeded the integrated electron energy flux by a factor of 8-20.

Table 1. Solar wind conditions for passes illustrated in Fig. 4 and integrated Poynting flux and electron energy flux.

Pass | Dynamic Pressure (nPa) | IMF By (nT) | IMF By (nT) | IMF B, (nT) IS” (kwW/m) [Es (kW/m)
(a) 40 -10 35 30 129 9.5

(b) 5 -5 8 -44 237 11.7
(c) 39 2 10 -20 222 14.6
(d) 13 -5 -10 38 108 14
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Fig. 4. Poynting flux observed by F15 (a) between SSC and storm main phase (DOY 312, 1905UT), (b) during storm
main phase (DOY 313, 0330UT), (c) late in first recovery phase (DOY 314, 2015UT), (d) the next pass after pass (c)
when the IMF turns strongly northward (DOY 314, 2155UT).

The dominance of the Poynting energy flux over particle energy flux, apparent in the four passes shown above, is likely
not a coincidence given the evidence that supports a global dominance of Poynting flux over particle energy flux in
large magnetic storms. In a global energy analysis of the November 2004 magnetic storm [8] orbit averaged GRACE
density measurements were used to track the time dependence of the energy content of the thermosphere. Modeling the
thermosphere as a driven-dissipative system, they show that the energy input to the thermosphere is proportional to the
large scale magnetospheric electric field (i.e. VVolland-Stern) and that the thermosphere relaxation time is 6.5 hours.
Furthermore they compare the energy input derived from the driven-dissipative model with the global Poynting flux
input produced by the Weimer empirical model [9] and show very close agreement. In our analysis of the global
energetics of all of the magnetic storms from the first half of 2001 [10] we found, comparing the Weimer global
Poynting flux with the hemispheric power index, that the electromagnetic energy flux greatly exceeded particle energy
flux in the large magnetic storms.

Although the Weimer empirical Poynting flux model [9] appears to get the global energy input right it is often wrong in
the detail distribution of that flux. For southward IMF it predicts intense Poynting flux in two narrow channels on the
dawn and dusk sides of the polar cap, situated between the region 1 and region 2 currents. As seen in passes (b) and (c)
of Fig. 4 the DMSP data shows significant Poynting flux at latitudes poleward of the region 1/2 currents for southward
IMF. Also the data often show strong Poynting flux in the cusp region that is lacking in the Weimer model and
frequently fail to show the dawn/dusk narrow channels that are a staple feature of the Weimer model. One possible
reason for these discrepancies is that the Weimer Poynting flux model is a product of two separate empirical models for
E and AB which were constructed from data collected by different spacecraft at different times. Since each model
represents averaged values, their product is not necessarily the same as the average of the product of simultaneously
measured Es and ABs.
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Fig. 5. Density results (solid curve) from three consecutive GRACE orbits starting at 2300 UT on 15 October 2004.
HASDM densities along the GRACE orbit are indicated by the dashed curves. Cusp associated density enhancements
are indicated by the red ovals.

QUIET TIME CUSP ENERGY INPUT

We illustrate here an example of cusp neutral upwelling driven by electromagnetic energy (Poynting flux) rather than
particle precipitation. Fig. 5 shows GRACE density data from three consecutive orbits starting at 2300 UT on 15
October 2004. The red ovals in the figure indicate density enhancements that occur near the northern hemisphere cusp.
Fig. 6 shows the portion of the GRACE orbits in the northern hemisphere (plotted in magnetic latitude versus magnetic
local time) where these density enhancements are observed (thick portion of orbit tracks). Over plotted in Fig. 6 are the
orbit tracks of three DMSP satellites (F13, F15, and F16) that over flew the cusp region during the same time interval.
The thick portions of the DMSP satellite tracks are time intervals when elevated levels of down-going Poynting flux
were observed.
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50

Fig. 6. Magnetic latitude versus magnetic local time coordinates of the GRACE and DMSP satellite passes during the
16 October 2004 cusp density enhancement event. Thick portion of GRACE trajectories indicate where density
enhancements were observed. Thick portion of DMSP trajectories indicate where enhanced down-going Poynting flux
was observed.



Details of the middle F16 pass are shown in Fig. 7. The top panel shows the down-going energy flux of precipitating
ions, precipitating electrons and the Poynting flux. Fig. 7(b) and 7(c) show the electron and ion energy-time
spectrograms with the source of the precipitating particles labeled. As is apparent in the figure, during the time interval
when F16 overflies the region of neutral upflow, the Poynting flux exceeds the precipitating particle energy flux by
about 2 orders of magnitude. Although the other passes are not presented, they show a similar disparity between the
Poynting and precipitating particle energy fluxes. This disparity is a strong indication that the electromagnetic energy
input is driving the neutral upflow. An energy analysis of this event strengthens this conclusion.

In the third cusp density peak in Fig. 5, the density at ~495 km altitude has doubled over background levels. According
to [8] this doubling implies that the thermosphere gained about 12 J/m?. Whatever process supplies this energy must do
so in a time that is short compared to the thermospheric relaxation time (~6 hr) or a density enhancement would not
develop. An energy flux of 10 mW/m? could supply the need energy in 20 min. The average peak Poynting flux seen
in the nine DMSP passes is 9 mW/m?. The central plasma sheet electrons, seen just outside of the neutral density
enhancement region in Fig. 5 (with peak energy flux of ~0.5 mW/m?), would require over 6 hours to supply the needed
energy.

DISCUSSION

We are still in the early stages of making full use of the DMSP data set for the study of atmospheric energy input. One
of our goals is to produce an empirical model of the global Poynting flux that is indexed by the solar wind conditions
and/or assimilative in being able to ingest data from a single satellite pass to reproduce the whole high-latitude Poynting
flux map, similar to what is currently done with the hemispheric power index for auroral particle precipitation. Along
the way we will continue to analyze individual events to understand the energetics of local or global atmospheric
modification driven by magnetospheric energy inputs. Given that operating DMSP satellites will be providing data for
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Fig. 7. F16 data from the middle pass shown in Fig. 6. (a) Poynting flux, integrated ion energy flux, and integrated
electron energy flux; (b) Differential electron energy-time spectrogram; (c) Differential ion energy-time spectrogram.



at least the next ten years there should be many opportunities to do conjunction studies between DMSP and Swarm.
The two data sets are complementary in that the DMSP satellites have no way to monitor the local thermosphere and
Swarm has no way to monitor precipitating energetic particles. Multiple conjunctions, as illustrated in the cusp density
enhancement event discussed above, provide a means of establishing the time history of energy input to a given region.
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